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ABSTRACT 
ANDREW T. BRUSOE: Enantioselective [2+2+2] Cycloadditions of Ene-Allenes and Allenes 
(Under the direction of Erik J. Alexanian) 
 
A new [2+2+2] cycloaddition of ene-allenes and allenes was developed. This reaction 
generates trans-hydrindanes in good yield, excellent diastereoselectivity and regioselectivity, and 
acceptable enantioselectivity. These cycloadducts contain up to four contiguous stereocenters, 
including quaternary centers. The scope of the added allene has been thoroughly investigated. These 
studies determined that allenoates provide the best results. The scope of the ene-allene was also 
investigated. These studies have indicated that the alkene portion of the substrate tolerates a variety 
of substitution patterns. Numerous ene-allene tethers can also be used. Substitution of the substrate 
allene is not tolerated. These substrate evaluation studies, when taken in conjunction with the results 
of optimization experiments and literature precedent, suggest that the reaction occurs via a mechanism 
starting with allene-allene oxidative coupling. The enantioselectivity is the result of differential entropies 
of activation. 
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Chapter I: Background 
The efficient preparation of cyclohexane derivatives from commodity chemicals has been a long-
standing objective in organic synthesis.1 Various ionic and pericyclic reactions have been developed to 
achieve this goal. The majority of these methods utilize stepwise bond constructions. Several methods, 
however, are capable of generating two -bonds in a single reaction. Among these, the Diels-Alder 
cycloaddition is unmatched in its ability to reliably and predictably generate cyclohexenes in high yield 
and enantioselectivity.2 Its application in natural product and target directed synthesis is unparalleled 
by any other single reaction.3  However, the thermal [4+2] cycloaddition generally requires activating 
substituents to ensure reasonable reaction rates.  
An alternative approach toward the synthesis of cyclohexane derivatives would involve the 
construction of three -bonds during the cyclization and not require the presence of activating groups. 
One iteration of this hypothetical reaction would be the [2+2+2] cycloaddition of three alkenes. This 
process would generate a cyclohexane possessing up to six stereocenters using readily accessed 
compounds in a single step. This rapid generation of target-relevant molecular complexity from simple 
starting materials would represent a significant advance over current stepwise methodologies.4 Given 
this potential, it is not surprising that the [2+2+2] cycloaddition has been a widely studied approach for 
the preparation of six-membered carbocycles and heterocycles.5,6 The original work in this field, 
however, focused on the use of alkynes for the preparation of aromatic systems.  
The first examples were reported by 
Walter Reppe in 1948,7 who described the use 
of simple nickel catalysts and the necessary 
conditions to affect the cyclotrimerization of 
acetylene or terminal alkynes to the 
corresponding arenes; the use of terminal 
alkynes affords a mixture of the possible 
regioisomers (Figure 1). In the absence of donating phosphines, the cyclotetramerization of acetylene 
 
Figure 1. Early examples of metal-catalyzed cycloadditions. 
2 
 
to cyclooctatetraene is observed. In the presence of the reported nickel catalysts, the reaction can be 
conducted at reasonable temperatures and pressures, whereas the analogous uncatalyzed 
cyclotrimerization proceeds only under extreme conditions (400°C).  
The requirement for a catalyst is somewhat surprising because the reaction is remarkably 
exothermic (ca. 142 kcal/mol).8 Nonetheless, the activation parameters associated with an uncatalyzed 
pathway are prohibitively high (Gǂ 60 – 80 kcal/mol). The termolecular transition state required for a 
concerted reaction intermolecular has a large entropic barrier, whereas the ionic and radical stepwise 
pathways (which would require the formation of vinyl anions and cations or radicals, respectively) are 
inaccessible due to significant enthalpic barriers. In general, transition-metal-catalyzed cycloadditions 
lower both the entropic and enthalpic barriers relative to an uncatalyzed reaction. Thus, the thermal 
trimerization of acetylenes requires extremely harsh conditions whereas the catalyzed reaction is 
spontaneous at room temperature. 
Because of the tremendous thermodynamic driving force, it is not surprising that numerous metals 
capable of catalyzing this transformation have been discovered or developed. Subsequent work since 
the original report has shown the cyclotrimerization of acetylenes to arenes can be catalyzed by Zr,9 
V,10 Ta, Cr, Mo, W,11 Fe,12 Co, Rh, Ir,13 Pd,14,15 and Cu16. Although this background chapter will focus 
on the construction of carbocycles, this methodology has also been extended for the synthesis of 
heterocycles.17 
Although mechanistic subtleties exist, the most commonly evoked 
mechanisms for transition-metal-catalyzed cycloadditions consist of 
the following steps (Figure 2): 1) Coordination of two -components to 
the active transition-metal catalyst; 2) Oxidative coupling[1] of the metal 
to generate a metallocycle;18,19 3a) A Diels-Alder-like incorporation of 
the third -component to generate a metallo-norbornadiene or; 3b) 
1,2-Insertion of the third -component to generate a metallo-
cycloheptatriene; 4a ) A retro [4+1] or; 4b) Reductive elimination to form the product.20 Displacement 
                                                     
[1]The term oxidative coupling is used with respect to the metal. During this transformation, the metal undergoes a formal increase 
in oxidation state while the substrate is reduced. 
 
Figure 2. Catalytic cycles of  metal-
catalyzed [2+2+2] cycloadditions. 
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of the product from the catalyst with an additional equivalent of substrate initiates another cycle.  
Although the catalytic reaction is an efficient method to prepare aromatic compounds, it is not 
necessarily the best way to prepare a particular compound of interest. That is, the reaction is only high 
yielding for the cyclotrimerization of the same alkyne. When mixtures of alkynes are used, a statistical 
product distribution is usually obtained. Furthermore, the products are usually obtained as an 
unselective mixture of regioisomeric products, which limits the utility both in complex settings and for 
bulk chemical preparation. These problems were largely unresolved for thirty years, and the fully 
intermolecular cycloaddition of three distinct -components remains a daunting synthetic challenge.6,21 
One method to control regioselectivity of 
[2+2+2] cycloaddition is via the tethering of two of 
the reaction components. This technique was 
demonstrated in stoichiometric examples of 
partially intramolecular [2+2+2] cycloadditions by 
Müller during the 1970’s (Figure 3).22–32 He 
showed that upon treatment of a diyne with 
Wilkinson’s catalyst a metallo cyclopentadiene 
could be obtained. Importantly, this 
organometallic compound would undergo a rapid reaction with an added alkyne to generate a new 
aromatic product. This two-step process constitutes a formal, intramolecular [2+2+2] cycloaddition. 
Notably, treatment of these compounds with alkenes, including potent dienophiles, does not result in 
the formation of the corresponding cyclohexadiene. These results suggest that alkynes, relative to 
alkenes, are significantly more reactive under these conditions. Furthermore, the results establish 
metallocyclopentadienes as plausible intermediates in the subsequent alkyne cyclotrimmerizations 
catalyzed by rhodium. Despite the studies of the novel reactivity of diynes in the presenece of 
Wilkinson’s catalyst, the need for a stoichiometric amount of rhodium prevented the wide-spread 
application of this method. 
The applicability of economically feasible multi-component cycloadditions was not well 
demonstrated until the Vollhardt group undertook a systematic investigations of [2+2+2] catalyzed by 
 
Figure 3. Early examples of [2+2+2] cycloadditions of tethered 
-components. 
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widely available and highly active CpCo(CO)2. The Vollhardt group studied [2+2+2] cycloadditions of 
three alkynes or two alkynes and an alkene in inter- and intra-molecular settings and addressed the 
previously identified limitations (vide supra). Figure 4 highlights some of the most important results of 
the Vollhardt group’s investigations of [2+2+2] cycloadditions. Reactions involving any alkenes (not 
shown) typically require high loadings of CpCo(CO)2 because the resulting products poison the catalytic 
activity of the complex. 
The Vollhardt group exploited the effect 
of tethering two reaction -components to 
control regioselectivity in unsymmetrically 
substituted alkynes,33 although this 
technique had previously been explored, by 
Müller and others.34,35 However, this 
protocol still required the same alkyne to be 
used because the methods to achieve 
chemoselective reactions with distinct 
alkynes under catalytic conditions had not 
yet been developed. Specifically, the 
suppression of unwanted alkyne 
homotrimerization required the 
development of two additional strategies. The first strategy involved the use of alkynes possessing very 
large substituents. The presence of the large substituents retards homotrimerization because the 
intermediate metallocycles and corresponding cycloadducts are highly strained.36 Thus, 
bis(trimethylsilyl)acetylene (BTMSA) was used because it does not undergo homotrimerization and the 
result aryl silanes readily undergo ipso substitution under mild conditions. The stability of BTMSA under 
the reaction conditions allows it to be present in excess without undergoing side reactions or without 
poisoning the catalyst, which enabled the development of the second critical strategy: the slow addition 
of the more-reactive -component to the less reactive component. The slow addition of the most 
reactive -components to the catalyst and BTMSA ensures a low concentration of the diyne, thereby 
 
 
Figure 4. Representative contributions from the Vollhardt group. 
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rendering cyclotrimerization of the diyne kinetically irrelevant. The combined use of these strategies 
greatly increased yields of the desired isomer and allowed alkyne cyclotrimerization to be used in the 
synthesis of complex molecules.  
A classic example of the use of [2+2+2] cycloadditions in total synthesis is the Vollhardt’s 
preparation of estrone. During this synthesis, a [2+2+2] cycloaddition is used to generate a 
benzocyclobutane, which undergoes subsequent 4- electrocyclic ring opening to generate a diene, 
and terminates with a Diels-Alder cycloaddition with the tethered alkene. Remarkably, this 
transformation occurs in a single synthetic manipulation.37–41 The achievements of the Vollhardt group 
were responsible for a marked increase in the interest in [2+2+2] cycloadditions, and much work has 
been done subsequently by numerous groups. Today, the most commonly used metals in [2+2+2] 
cycloadditions are rhodium and nickel. Early examples demonstrating catalysis with these metals were 
obtained using Wilkinson’s catalyst (Grigg et. al. and Stevenson et. al.)42 and nickel 
tetrakis(triphenylphosphine) (Smith et. al.).43 
Catalytic asymmetric reactions were a major challenge to be addressed in the area of [2+2+2] 
cycloadditions. A significant task associated with developing these reactions is the suppression all 
cycloadditions catalyzed by achiral metal complexes. Thus, complexes with chelating ligands are 
usually used to prevent ligand dissociation and thereby ensure that all catalytically active species are 
chiral. Moreover, cationic rhodium-based catalysts are generally used for these reactions because of 
the increased number of coordination sites allows simultaneous coordination of ligands, substrates, 
and solvent. 
The majority of [2+2+2] cycloadditions 
published prior until 1995 generated 
benzenoid products. Because sp3 
stereocenters were not commonly 
produced in [2+2+2] cycloadditions, ways to affect enantioselective catalysis are non-obvious. The Mori 
group, using a nickel catalyst generated in situ from Ni(COD)2 and a chiral monodentate phosphines[2], 
reported the first example of enantioselective [2+2+2] cycloaddition. The reaction produces a 
                                                     
[2]Please see the Appendix 2 for the structures of all ligands 
 
Figure 5. Mori’s work on catalytic asymmetric [2+2+2] cycloadditions. 
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stereocenter via the desymmetrization of a triyne with acetylene (Figure 5).44 Although the isoquinoline 
cycloadducts are formed with moderate enantioselectivity, this reaction served as proof-of-principle for 
enantioselective [2+2+2] cycloadditions. Subsequent examples of asymmetric [2+2+2] cycloadditions 
have been provided by Evans, Shibata, and Tanaka, all of which have occurred since 2004.  
Numerous groups, most notably the Shibata45–54 
and Tanaka55–70 groups, have developed a multitude 
of catalytic asymmetric [2+2+2] cycloadditions of 
alkynes for the generation of atropisomeric products 
with high enantioselectivity (Figure 6) and can be used 
to access a variety of compounds.21,71–73 These 
reactions are the most common examples of catalytic asymmetric [2+2+2] cycloadditions. A thorough 
discussion of these reactions is outside the scope of this brief background section, but in general, these 
reactions use rhodium or iridium-based catalysts in combination with DuPHOS, SEGPHOS, or BINAP 
ligands. Typically, the yields and enantioselectivities are excellent (>80%, >90% ee). Much of this 
chemistry was developed contemporaneously to the early asymmetric [2+2+2] cycloadditions that 
generate sp3 stereocenters. 
The development of catalytic 
asymmetric [2+2+2] cycloadditions that 
generate sp3 stereocenters was based 
upon the prior precedent for the non-
enantioselective reactions. The [2+2+2] 
cycloaddition of two alkynes and one 
alkene to form racemic products had 
been well-documented using various metals (Co,74,75 Rh,76–78 Ir,79 and Pd77,80,81) for over twenty years 
before the first asymmetric example was demonstrated. The Evans82–84 and Shibata85,86 groups were 
the first to report enantioselective [2+2+2] cycloadditions using 1,6-eneynes as substrates. Each group 
reported the use of cationic rhodium-based catalysts to affect the [2+2+2] cycloadditions of 1,6-eneynes 
and disubstituted alkynes in excellent yields and enantioselectivities (Figure 7). Whereas the Evans 
 
 
Figure 7. The first enantioselective [2+2+2] cycloadditions generating sp3 
stereocenters. 
 
 
Figure 6. Typical products of intramolecular [2+2+2] 
cycloadditions of alkynes. 
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system was generally limited to terminal, monosubstituted alkenes and aryl propiolates as the added 
-component, the Shibata group reported exclusively on the use of 1,1-disubstituted alkenyl substrates 
in conjunction with terminal or disubstituted alkynes for both the tethered alkyne and the added alkyne. 
Exemplary yields are generally obtained via the Evans system, whereas the Shibata system produces 
variable yields dependent on the combination of substrate and alkyne. Excellent enantiocontrol is 
observed in both systems (the lowest enantioselectivity reported in either system is 88% ee). Both 
authors propose mechanisms that are consistent with the general scheme in Figure 2: Intramolecular 
coupling of the ene-yne; coordination and insertion of the second alkyne; reductive elimination. These 
reactions are the first reported examples of a [2+2+2] cycloadditions that generate sp3 stereocenters 
via rehybridization (as opposed to desymmetrization). 
The catalytic asymmetric 
[2+2+2] cycloadditions of diynes 
and added alkenes have also 
been reported by Shibata87,88 
and Tanaka (Figure 8).89,90 
These reactions provide access 
to products distinct to those generated in the cycloadditions of ene-ynes. The slow addition of the diyne 
to the added 1,1-disubstituted alkene (exo-methylene lactones, acrylates, and acrylamides) and 
catalyst is required to retard competitive alkyne homotrimerization. While the reactions furnish products 
in good yields with high enantioselectivities, only single stereocenters can be generated directly from 
these reactions. These stereocenters are always derived from 1,1-disubstituted alkenes, which must 
be used because the cyclohexadiene products lacking fully substituted centers are prone to yield and 
enantioselectivity lowering isomerization. A notable extension of this methodology was reported by 
Shibata88 in which the desymmetrization of norbornene affords a product containing four stereocenters. 
Highly strained bicyclic alkenes are used as the reaction partner because they have a high affinity for 
transition metals and the resultant cyclohexadienes are stable towards isomerization. In addition to 
norbornenes, styrenes and dienes can be used in this system, but the use of these alkenes results in 
products possessing a single stereocenter. Excluding reactions with norbornene derivatives, as of 2008 
 
Figure 8. Representative catalytic asymmetric [2+2+2] cycloadditions of diynes. 
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there were no reports of partially intermolecular catalytic asymmetric cycloadditions that generated 
greater than two stereocenters in a single reaction. 
Figure 9 displays the first examples of catalytic 
asymmetric [2+2+2] cycloadditions that generate 
multiple stereocenters via rehybridization; these 
are fully intramolecular reactions. These reactions 
were also initially explored by Shibata91–94 and by 
Tanaka.95,96 The fully intramolecular nature of 
these reactions dicatates the chemo- and 
regioselectivity of the reaction, which allows 
multiple alkenes to be used in the presence of 
significantly more reactive alkynes. This strategy 
works because the effective concentration of the tethered alkene is always substantially higher than 
that of another molecule of substrate and geometric constrains prohibit the formation of regioisomeric 
products. Various general classes of substrates can be used in these reactions, including diene-ynes, 
yne-ene-ynes, and ene-yne-enes and give rise to various fused and bridged tricyclic systems. While 
the fully intramolecular reactions are able to afford products possessing two stereocenters in high 
diastereoselectivity, including quaternary centers, the linear preparation of the substrates can be 
problematic and limits the potential utility of the reactions. 
Intermolecular [2+2+2] 
cycloadditions of multiple alkenes 
are significantly less well 
established than the preceding 
intramolecular reactions. This is 
true for both enantioselective and 
non-enantioselective reactions. At 
the onset of the work contained within this thesis, there had been only a single report in which multiple 
alkenes could be used in a partially intermolecular [2+2+2] cycloaddition (Figure 10). Montgomery has 
  
Figure 10. Montgomery’s [2+2+2] cycloaddition of ene-ynes and an added alkene. 
 
 
Figure 9. Intramolecular enantioselective [2+2+2] 
cycloadditions that generate two stereocenters. 
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reported the use of an in situ generated nickel catalyst for the cycloaddition of ene-ynes and enones.97 
The catalytic efficiency of these reactions is low (typically 3-4 turnovers), but the products contain three 
stereocenters (a single example of a product containing four stereocenters is reported). Remarkably, 
the reaction is a result of novel chemoselectivity in which an alkene undergoes preferential insertion 
into a nickelacycle. This realization was made based on the observation of a substrate dimer arising 
from a [2+2+2] of two molecules of substrate in which two alkenes and one alkyne undergo a reaction. 
Related reductive couplings of ene-ynes establish oxidative coupling between the alkyne and tethered 
alkene as a viable process.98,99  
The first catalytic asymmetric 
intermolecular [2+2+2] cycloaddition 
of multiple alkenes was reported by 
Tanaka in 2012 after the completion 
of the work described in this thesis (Figure 11).100 A system that affords high yields of enantiopure 
cycloadducts derived from 1,6-ene-ynes and acrylamides is described. Compared to most [2+2+2] 
cycloadditions, the substrate generality is quite high, as the substituents on the alkene, alkyne, and 
amide can be varied with minimal loss in yield or enantioselectivity. However, the use of acrylamides 
is critical to the successful of the reaction – all other activated alkenes result in the formation of substrate 
dimers. The authors proposed the enhanced Lewis basicity of the acrylamide allows chelation, thereby 
rendering it a more kinetically competent reaction partner. 
A survey of the [2+2+2] cycloadditions presented in Figures 6 – 11 reveals that the catalysts and 
substrates used in the reactions possess many similarities. Virtually all of the catalytic asymmetric 
[2+2+2] cycloadditions are conducted with rhodium complexes of BINAP derivatives. The preference 
for rhodium-based catalysts is in part based on the low loadings of catalyst that can be used. Although 
thorough studies on the mechanisms of these [2+2+2] cycloadditions have not been conducted, the 
cationic complexes are likely more highly active complexes because an additional coordination site is 
generated upon abstraction of the chloride ligand. Furthermore, the use of cobalt-based catalysts is 
rare because the decomplexation of the products from the catalyst can be problematic. Analysis of the 
conditions surveyed in these publications does not reveal whether the choice of ligand significantly 
 
Figure 11. Representative catalytic asymmetric [2+2+2] cycloadditions.  
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influences the reaction yield or enantioselectivity. Therefore, it cannot be determined if the pervasive 
use of BINAP derivatives is due to their availability and cost or if reactions performed with other ligands 
give significantly lower yields and enantioselectivities. Thus, preliminary investigations of new catalytic 
asymmetric [2+2+2] cycloadditions should be conducted with cationic rhodium complexes ligated to 
BINAP derivatives. 
To date, every enantioselective [2+2+2] cycloaddition to prepare carbocycles requires the presence 
of at least a single alkyne. This is problematic because the use of alkynes also intrinsically limits the 
number of stereocenters that can be generated during a [2+2+2] cycloaddition. After the reaction 
occurs, the product retains an unreacted -bond from each alkyne. Thus, each alkyne decreases the 
maximum number of stereocenters by two. A simple alternative would be the substitution of alkenes for 
alkynes, but implementation of this idea is challenging. First, highly substituted alkenes must be used 
to maximize the number of stereocenters that can be generated during a reaction. Most of the catalytic 
asymmetric [2+2+2] cycloaddition reported prior to this work only tolerate monosubstituted or 1,1-
disubtituted alkenes. The methylene of terminal alkenes does not afford a stereocenter in the product. 
Thus, each terminal alkene used inherently limits the number of stereocenters by one. Furthermore, 
alkenes, relative to alkynes, typically have attenuated reactivity towards late transition metals. Thus, 
[2+2+2] cycloadditions of multiple alkenes typically encounter higher thermodynamic and kinetic 
barriers than those using alkynes. Also problematic is the high substrate specificity in most [2+2+2] 
cycloadditions. A particular catalytic system is generally intolerant towards structural changes (ie, a 
system that works well with 1,1-disubstituted alkenes cannot use 1,2-disubstituted alkenes).Therefore, 
attaining a catalytic asymmetric [2+2+2] cycloaddition that generates multiple stereocenters likely will 
require the presence of at least a single highly reactive -component (e.g., an alkyne) to offset any 
barrier encountered by a change in alkene substitution. 
It is instructive to consider why alkynes are inherently 
more reactive than alkenes toward late transition metals, 
particularly in [2+2+2] cycloadditions. This is best accomplished by evaluating the fundamentals of 
bonding between C-C -components and late transition metals (Figure 12). There are two bonding 
interactions between an alkene and a metal: -bonding, which results in the donation of electron density 
 
Figure 12. Frontier orbital interactions in olefin-
metal complexes. 
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from the HOMO of the alkene to the LUMO of the metal; -backbonding, which is the donation of 
electron density from the metal HOMO into the LUMO of the -component. Both of these bonding 
interactions occur simultaneously. The importance of these two bonding interactions is determined by 
the relative energy levels of the HOMO and LUMO for both the metal catalyst and the -component. 
Therefore, the electronegativity, oxidation state, and ligand sphere of the metal in addition to the identity 
of the -component (all of which change during the course of a reaction) all affect how strongly a given 
-component will bind to a given metal complex. Typically, for C-C double bonds and electron-rich late 
transition metals, the dominant bonding interaction is -backbonding, whereas the dominant interaction 
in electron-poor early transition metals is -donation.  
The second factor that controls the relative ability of two -components to coordinate to a metal is 
the relative steric properties of each potential ligand. Steric interactions between the metal and the -
component weaken the bonding interaction; this is commonly encountered when substituted alkenes 
are used. Because of their respective geometries, alkynes are typically less hindered than the 
corresponding alkene. Thus, the relative binding affinity of -components to coordinate a late transition 
metal complex can be approximated as terminal alkyne > internal alkyne and ethylene >> terminal 
alkene > internal (Z)-alkene > internal (E)-alkene. Electron-withdrawing alkene substituents increase -
backbonding, whereas electron-donating substituents increase -bonding. The former increases the 
binding affinity for electron rich metals, whereas the latter promotes binding to electron-deficient 
metals.101,102  
The binding affinity 
for numerous olefins 
with an electron rich Ni0 
system has been 
studied. Figure 13 shows the general trends discussed above operate to produce a dramatic impact on 
binding affinities. The alkenes with electron-withdrawing groups bind most strongly, whereas binding of 
sterically hindered alkenes is disfavored. It should be noted that these data were obtained using a 
complex that would maximize sensitivity to the LUMO energy of the olefins studied, and the magnitude 
 
 
Figure 13. Equilibrium constants for ligand exchange of an olefin with a phosphine. 
12 
 
of preferences is expected to be lower for less -basic metal complexes (the HOMO energies of 
nickel(0) complexes are among the highest of common transition metal complexes).103 These data 
suggest in a quantitative sense that highly substituted alkenes should be viable reaction components 
in [2+2+2] cycloadditions provided the substituents contain electron-withdrawing groups.  
Based on this information, it was hypothesized that reaction components which can strongly 
coordinate to transition metal catalysts and produce sp3 centers in the corresponding product could 
strike a balance between attaining a reasonable reaction rate and obtaining a product with multiple 
stereocenters (>2). Allenes were identified as possible -components for [2+2+2] cycloadditions. 
Allenes typically possess similar thermodynamic stabilities to that of the corresponding alkyne isomers 
while maintaining the same linear geometry.104 Thus, for the reasons detailed above, allenes should 
coordinate to metals strongly. However, unlike alkynes, allenes possess only a single sp hybridized 
atom. Regardless of which terminus reacts, a substituted allene should react to produce a new sp3 
center. Furthermore, the allene isomer of a given alkyne is generally 3 – 5 kcal/mol less stable due to 
strain energy.104 This strain energy provides an additional thermodynamic driving force for the reaction. 
Therefore, replacing alkynes with allenes should allow the development of cycloadditions that produce 
products containing greater numbers of sp3-hybridized stereocenters relative to the isomeric alkyne 
substrates and potentially allow the use of multiple alkene partners. 
Allenes can react with transition metals in a variety of reactions, including several processes that 
begin with oxidative coupling (Figure 14). Treating liquid allene with Ni(COD)2105 or [Rh(C2H4)2(acac)]106 
generates metallocycles that result from the oxidative coupling of two molecules of allene (Figure 14), 
with the former of these eventually producing [2+2+2] cycloadducts. Montgomery has also shown that 
ene-allenes can undergo intramolecular reductive coupling via treatment with Ni(COD)2 and ZnMe2.98 
Saito and Yamamoto have shown that electron-deficient allenes can undergo [2+2] cycloadditions upon 
treatment with a Nickel(0) catalyst.107 The use of allenes in synthetically useful [2+2+2] cycloadditions 
is not without precedent. The Cheng group has shown that the combination of propiolates and allenes 
in the presence of Nickel(0) catalysts affords [2+2+2] cycloadducts. This reaction, which occurs in both 
inter108- and intramolecular109 settings, presumably occurs to produce a methylidnecyclohexadiene, 
which isomerizes to afford the substituted aromatic system. Remarkably, this reaction produces single 
13 
 
regioisomeric products without the 
need for excess substrates of 
controlled addition of either reaction 
component. Further precedent that 
allenes can be used in place of 
alkynes in [2+2+2] cycloadditions to 
generate products containing more 
stereocenters can be found in the 
work by the Ma group.110–112 They 
have shown that 1,5-bis-allenes can 
undergo a [2+2+2] cycloaddition with 
an additional molecule of an allene to 
generate unsaturated decalin 
derivatives possessing a single 
stereocenter. This clearly contrasts 
typical [2+2+2] cycloadditions of 
three alkynes; these reactions can only produce achiral benzenoid products. This last example 
validates the hypothesis that the use of allenes in [2+2+2] cycloadditions can be used as a general 
strategy to increase the number of stereocenters formed in the product. 
Although allenes could be used to generate more stereochemically complex cycloadducts, the use 
of allenes in [2+2+2] cycloadditions does present some challenges not associated with the use of 
alkynes. Unlike an alkyne, the -bonds present in an allene are not necessarily degenerate. Therefore, 
the first challenge associated with using allenes in cycloadditions is the need to control which -bond 
of the allene reacts. This can be accomplished by biasing the substitution on the allene such that the 
-bonds are no longer degenerate (e.g. using electron-withdrawing groups to favor coordination at a 
particular site) or by tethering two of the reacting -components, such that reacting at one terminus of 
the allene requires the adoption of energetically unfavorable conformations. The second challenge 
associated with using allenes as -components in [2+2+2] cycloadditions is the inherent reactivity of 
 
Figure 14. Reactions that proceed via oxidative coupling of allenes. 
14 
 
the resultant allyl metal species. Therefore, the ensuing steps after the formation of allyl metal 
fragments must be sufficiently fast to decrease the likelihood of unproductive side reactions. The third 
consideration one must make when working with allenes is that allenes possessing just two different 
substituents on the opposite termini possess axial chirality. Thus, when designing an enantioselective 
cycloaddition of allenes, chiral allenes must be avoided. This limits one to the use of any 
monosubstituted allene or 1,1-disubstituted, 1,1,3-trisubstituted, or tetrasubstituted allenes containing 
identical substitution on at least one terminus. 
The second prong of the strategy to generate cycloadducts possessing multiple stereocenters is 
the use of internal alkenes in conjunction with allenes. For reasons detailed above, the use of 
substituted alkenes is a significant challenge in [2+2+2] cycloadditions. To circumvent the lower affinity 
of late metals for substituted alkenes, initial efforts would focus on the use of alkenes with relatively low 
LUMO’s (e.g. acrylates).113 In addition to increasing the backbonding from the metal to the C-C *, the 
heteroatoms contained within the electron withdrawing groups may also be able to coordinate to the 
metal. Electron-withdrawing groups also increase the rate of insertion into carbon-metal bonds by 
stabilizing the resulting organometallic intermediate.102 Precedent for using electron-withdrawing 
groups to increase the stability of metalated intermediates has also been established previously. 
Montgomery’s previously discussed cycloaddition makes use of electron-withdrawing groups to allow 
various internal alkenes to be used in their [2+2+2] cycloaddition.97 
Thus, my work at UNC has focused on the development of a new [2+2+2] cycloaddition to generate 
cycloadducts containing multiple stereocenters. The work was performed using allenes and substituted 
alkenes as the -component in the presence of rhodium-based catalysts. The first phase of this work 
involved developing a viable catalyst system, identifying a class of substrates that accomplished the 
stated goals, and ascertaining the substrate scope of the reaction. The second phase of the work 
included the development of an enantioselective version of the reaction via ligand modification and 
catalytic system reoptimization and the identification of what factors control the enantioselectivity.
  
 
 
Chapter II:  Development of an Ene-Allene and Allene [2+2+2] Cycloaddition 
A. Initial Result 
Based on the information 
presented in the background section, 
we hypothesized that ene-allenes 
would be an ideal class of substrates to 
develop a new [2+2+2] cycloaddition. 
These substrates can be readily prepared via the dialkylation of malonates. The alkene portion of the 
substrate is readily appended via Wittig olefination of the corresponding aldehyde or by alkylation of 
the corresponding allenyl malonate with the appropriate allylic electrophile (Figure 15). The preparation 
of the requisite allenyl diethyl malonate requires four steps, starting from 1,4-butyn-diol. A 
monochlorination of the symmetric diol is followed by a LAH reduction to afford allenyl alcohol.114 
Bromination of this alcohol is followed by alkylation with diethyl malonate. Although the yields for these 
steps are typically low (35 – 50%), the first two reactions can be conducted on > 1 mol scale. A one-
step preparation of allenyl alcohol from propargyl alcohol via the Crabbe reaction has recently been 
reported.115,116 Using these methods, ene-allene 1 was prepared.  
Preliminary reactions were conducted to generate a new cycloadduct from 1-MeO and methyl vinyl 
ketone (MVK). Based on conditions similar to those used in other [2+2+2] cycloadditions, 1-MeO and 
MVK were subjected to nickel and rhodium catalysts (Figure 9). No reaction was observed with nickel-
based catalysts, but an unexpected substrate dimer was observed in an experiment conducted with an 
in situ generated Rh/bisphosphine complex. Instead of undergoing an intermolecular cycloaddition with 
one molecule of substrate and the added MVK, a trans-hydrindane arose from reacting with two 
molecules of substrate. Remarkably, the substrate dimer was the only product present in the crude 
NMR of the reaction mixture – no other diastero- or constitutional isomers were present in the reaction. 
Additional experiments were performed to determine if this substrate dimerization could be developed 
into a general reaction. Because MVK, an unhindered, activated alkene, was not incorporated into the 
 
 
Figure 15. Preparation of ene-allenes. 
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product, it indicated that allenes 
might be intrinsically more reactive 
than alkenes under these 
conditions. To test this hypothesis, 
activated external allenes (phenyl 
allene and ethyl allenoate) were 
used added to the reaction in place 
of MVK.[3] The inclusion of the more 
reactive allenes diverted the 
reaction from substrate dimerization 
to afford the [2+2+2] cycloadducts 
arising from reaction with both the 
added allene and 1-MeO. Remarkably, of the forty isomers that reasonably could be obtained from this 
reaction, only a single isomer was observed in all cases (see Appendix 1 for the other potential isomeric 
products). 
Structural assignments were made for compound 6 
based on 1D and 2D 1H and 13C NMR experiments and 
havw subsequently been confirmed by X-Ray 
crystallography (Figure 17). The structure of 6 was used to 
confirm the structures of compounds 2-MeO and 4-MeO 
based on analogy of the chemical shifts and coupling 
constants. The X-Ray structure clearly indicates the trans stereochemistry of the ring junction as well 
the trans-trans-cis relationships of the stereocenters. The trans-configuration of the alkene was 
translated to the product. A number of unique structural features are present in compound 6. First, the 
presence of four new stereocenters is virtually unprecedented because most [2+2+2] cycloadditions 
generate only a single stereocenter. Furthermore, it is extremely rare for a carbocyclic cycloadduct to 
                                                     
[3]The malonate tether was switched from dimethyl to diethyl malonate because the resulting ene-allenes are less polar and give 
larger Rf. changes between the ene-allene starting material and the corresponding cycloadducts. 
 
Figure 16. Initial results of ene-allene [2+2+2] cycloaddition. 
 
 
 
 
 
Figure 17. X-Ray crystal structure of compound 6. 
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contain a stereochemically defined ring junction. Cycloisomerization reactions or higher order 
cycloadditions that do produce stereochemically defined ring junctions usually favor the formation of a 
cis relationship.20 The observed trans-hydrindane carbocyclic framework is present in virtually all 
natural and synthetic steroids. Furthermore, stereoselective methods for the preparation of trans-
hydrindanes are rare.117,118 
B. Catalyst Optimization 
All aspects of the catalyst system were analyzed to optimize the reaction. Initial experiments 
evaluated numerous solvents, reaction temperatures, silver salt additives, ligands, and reaction 
stoichiometries. These optimization efforts are summarized in Table 1. Reactions with phenyl allene 
are very difficult to monitor accurately, but, cycloadducts derived from ethyl allenoate produce large 
differences in Rf. Therefore, optimization reactions were performed with ethyl allenoate.  
 The initially used conditions of 5 eq of allenoate with respect to substrate were used because ethyl 
allenoate undergoes competitive side reactions to form a mix of uncharacterized side products.107 Thus, 
using an excess was necessary to ensure complete consumption of the substrate. Slow addition of the 
either component leads to lower conversions and significant amounts of substrate dimer (Entries 2 and 
3). Dimerization occurs when the concentration of substrate is significantly higher than that of the added 
allene. By design, the concentration of allenoate is always low when it is added slowly. A low 
concentration of allenoate also occurs when the ene-allene is added slowly because the decomposition 
of allenoate is rapid in the absence of ene-allene. Thus, slow addition of either reaction component 
results in a decrease in yield. The concentration of the reaction is also important (not shown in the 
table). Reactions are run with an initial ene-allene concentration of 0.04 M. At lower concentration the 
reactions require much more time and at higher concentrations substrate dimerization becomes 
problematic. All subsequent reactions were performed at 0.04M by adding a solution of substrate and 
allenoate to the catalyst immediately prior to heating. 
When the reaction is performed at higher temperature in toluene a better yield is obtained (Entry 
2). Decreasing the equivalents of allene from five to 1.25 equivalents provided a decrease in both yield 
and reaction time. Despite the decrease in yield, subsequent reactions were conducted with 1.25 
equivalents due to the shorter reaction times and better atom economy. Substituting AgBF4 for AgOTf 
18 
 
 
Table 1. Representative Optimization Experiments. 
  
 
Entry [Rh], mol % [Ag], mol % Ligand, mol % eq Allene Solvent 
Temp 
(°C) 
Time (h) 
Isolated 
Yield (%) 
1 [Rh(COD)Cl]2, 5 AgBF4, 20 BINAP, 12 5 THF 60 2 35 
2 [Rh(COD)Cl]2, 5 AgBF4, 20 BINAP, 12 5a Toluene 80 6 25 
3 [Rh(COD)Cl]2, 5 AgBF4, 20 BINAP, 12 5b Toluene 80 24 Trace 
4 [Rh(COD)Cl]2, 5 AgBF4, 20 BINAP, 12 5 Toluene 100 2 50 
5 [Rh(COD)Cl]2, 5 AgBF4, 20 BINAP, 12 1.25 Toluene 100 1.5 31 
6 [Rh(COD)Cl]2, 5 AgOTf, 20 BINAP, 12 1.25 Toluene 100 1.5 43 
7 [Rh(COD)Cl]2, 5 None BINAP, 12 1.25 Toluene 100 3 37c 
8 [Rh(COD)Cl]2, 5 AgOTf, 20 BINAP, 12 5 Toluene 60 1.5 30c 
9 [Rh(COD)Cl]2, 5 AgOTf, 20 BINAP, 12 1.25 DCE 80 3.5 27c 
10 [Rh(COD)Cl]2, 2.5 AgOTf, 10 BINAP, 6 1.25 Toluene 100 1.5 48 
11 [Rh(COD)Cl]2, 1 AgOTf, 4 BINAP, 2.4 1.25 Toluene 100 12 36 c 
12 [Ir(COD)Cl]2, 2.5 AgOTf, 10 BINAP, 6 1.25 Toluene 100 1.5 0 
13 [Rh(COD)Cl]2, 2.5 AgSbF6, 10 BINAP, 6 1.25 Toluene 100 1.5 40 
14 [Rh(COD)Cl]2, 2.5 AgPF6, 10 BINAP, 6 1.25 Toluene 100 1.5 46 
15 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 6 1.25 Toluene 100 1.5 57 
16 [Rh(COD)Cl]2, 2.5 NaBArF,5 BINAP, 6 1.25 Toluene 100 1.5 34 
17 [Rh(COD)Cl]2, 2.5 AgNTf2, 5 BINAP, 6 1.25 Toluene 100 1.5 40 
18 [Rh(COD)Cl]2, 2.5 AgOTs, 5 BINAP, 6 1.25 Toluene 100 1.5 38 
19 [Rh(COD)Cl]2, 2.5 AgTFA, 5 BINAP, 6 1.25 Toluene 100 1.5 NDd 
20 [Rh(COD)Cl]2, 2.5 AgClO4, 5 BINAP, 6 1.25 Toluene 100 1.5 NDd 
21 [Rh(COD)Cl]2, 2.5 AgAsF6, 5 BINAP, 6 1.25 Toluene 100 1.5 NDd 
22 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 10 1.25 Toluene 100 1.5 52 
23 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 6 1.25 Trifluorotoluene 100 12 43 
24 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 6 1.25 DCE 100 3 41 
25 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 6 1.25 9:1 Toluene/DCE 100 3 51 
26 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 6 1.25 Mesitylene 100 3 59 
27 Rh(PPh3)3Cl, 5 None None 1.25 Toluene 100 12 0 
28 [Rh(CO)2Cl]2, 2.5 None PPh3, 11 1.25 Toluene 100 12 0 
29 [Rh(COD)Cl]2, 2.5 AgOTf, 5 Segphos, 6 1.25 Toluene 100 12 23 
30 [Rh(COD)Cl]2, 2.5 AgOTf, 10 o-tolyl-BINAP, 6 1.25 Toluene 100 12 39 
31 [Rh(COD)Cl]2, 2.5 AgOTf, 10 MONOPHOS, 12 1.25 Toluene 100 12 0 
32 [Rh(COD)Cl]2, 2.5 AgOTf, 5 P-Phos, 6 1.25 Toluene 100 12 41 
33 [Rh(COD)Cl]2, 2.5 AgOTf, 5 MeDUPHOS, 6 1.25 Toluene 100 12 NR 
34 [Rh(COD)Cl]2, 2.5 AgOTf, 5 Xylyl-BINAP, 6 1.25 Toluene 100 2 51 
35 [Rh(COD)Cl]2, 2.5 AgOTf, 5 BINAP, 6 2 Toluene 100 2 63 
36 [Rh(COD)Cl]2, 2.5 AgOTf, 5 H8-BINAP, 6 2 Toluene 100 2 64 
37 [Rh(nbd)Cl]2, 2.5 AgOTf, 5 H8-BINAP, 6 2 Toluene 100 7 61 
38 [Rh(coe)2Cl]2, 2.5 AgOTf, 5 H8-BINAP, 6 2 Toluene 100 2 76 
39 [Rh(C2H4)2Cl]2, 2.5 AgOTf, 5 H8-BINAP, 6 2 Toluene 100 1.5 79 
“Standard Conditions” 
40 [Rh(COD)2][BF4], 10 AgBF4, 20 BINAP, 12 1.25 Toluene 100 1.5 32 
41 None AgOTf4, 20 BINAP, 12 1.25 Toluene 100 12 0 
42 [Rh(COD)Cl]2, 5 AgOTf4, 20 None 1.25 Toluene 100 12 0 
aAllene added over the course of 3 h via syringe pump. bSubstrate added to over the course of 24 h via syringe pump. cIncomplete conversion. 
dCrude NMR indicated that the yield of product was less than 10%. 
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gives an increase in yield, whereas reactions without silver salts give poorer conversions, require longer 
times, and elicit a decrease in yield (Entries 6 and 7). Reactions performed at a lower temperature (60 
°C) or in an additional solvent (DCE) provided lower yields of the desired cycloadduct (Entries 8 and 9) 
so experiments were continued in toluene at 100 °C. Decreasing the catalyst loading from 10 mol % 
total [Rh] to 5 mol % gave a surprisingly large increase in yield, but reactions with lower loadings gave 
lower conversions and yields (Entries 10 and 11). The origin of the increase in yield is not well 
understood because control experiments indicate that the product is stable under the reaction 
conditions.  
Because reactions in which AgOTf is used in place of AgBF4 gave higher yields, a more extensive 
counterion screen was conducted (Entries 16 – 21), but none provided higher yields than what is 
attained using AgOTf. Increasing the amount of the bidentate ligand slowed the reaction but did not 
increase the yield. A short solvent screen was also conducted because prior experiments showed a 
change in solvent typically influenced the yield. However, reactions in trifluorotoluene, DCE, and 9:1 
toluene/DCE did not improve the yield (Entries 23 – 25). A marginal improvement in yield occurred by 
performing the reaction in mesitylene, but the difficulty in removing this solvent prompted the 
optimization to be continued in toluene.  
A ligand screen was also conducted to try to increase the yield. Using CO/PPh3 (the same catalyst 
system used by the Ma group) and Wilkinson’s catalyst (with or without added silver) suppressed the 
reaction, which indicated monodentate triarylphosphines did not produce catalytically active complexes 
(Entries 27 and 28). MeDuPHOS (a dialkyl aryl phosphine) and MONOPHOS (a phosphoramidite) also 
gave catalytically inactive complexes. This suggests that bidentate triarylphosphines are the ideal 
ligands for this reaction. A reaction conducted with SEGPHOS gave the product in dramatically lower 
yield relative to BINAP. Two derivatives of BINAP, o-tolyl and xylyl, also provide lower yields of product 
relative to the parent ligand BINAP. Surprisingly, using H8BINAP gave the cycloadduct in significantly 
higher yield when coupled with an increase in allenoate loading to two equivalents. Using BINAP with 
two equivalents of allenoate also produced the desired product in higher yield, but the increased 
solubility of the H8BINAP ligand enables facile generation of the complex in situ using stock solutions, 
and all further reactions were conducted with it.  
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It was unclear if the identity of the olefin contained in the rhodium precatalyst would have a 
significant impact on the yield of the reaction. Therefore, the reaction was performed using various 
olefin-bound rhodium precatalysts (Entries 37 – 39). Using [Rh(nbd)Cl]2, which contains the strongly 
coordinating bidentate diene norbornadiene, required much longer to consume the starting material. 
Reactions with cyclooctene and ethylene bound precatalysts gave the product in significantly higher 
yield and greatly shortened the reaction. This trend suggests that the olefins present on the precatalyst 
can compete with the substrate for open coordination site on the metal and that precatalysts with 
bidentate dummy ligands should be avoided. Thus, the following conditions were determined to be 
optimal for this reaction: 2.5 mol % [Rh(C2H4)2Cl]2, 6 mol % H8BINAP, 5 mol % AgOTf, with 2 
equivalents of allenoate in toluene (0.04M), which afford a 79% yield of the desired cycloadduct 6 in 
the reaction of compound 1 with ethyl allenoate 5.  
C. Added Allene Scope 
The first part of the substrate 
scope to be evaluated was the added 
allene scope. Because substrate 
dimerization occurs in the absence of 
added allene, it was expected that 
other alkyl-substituted allenes would 
be viable reaction partners. 
However, reactions with allenes 
possessing simple n-alkyl 
substitution led to the formation of 
complex mixtures. The number of 
new alkene peaks in the crude 1H 
NMR implicated -hydride elimination as an offending process. Additionally, but-3,4-dienylmalonate 8, 
the allene containing portion of substrate 1, was subjected to the standard reaction conditions but also 
resulted in the formation of an uncharacterized complex mixture. Because of the acidity of the malonic 
proton may have been problematic (either inherently, or due to the accessibility of malonate 
 
Figure 18. Allenes screened that did not afford the desired [2+2+2] cycloadduct 
in good yield. 
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nucleophiles via deprotonation), the methylated adduct was also evaluated. This reaction with truncated 
substrate 9 produced the desired cycloadduct 10 in 29% yield along with a considerable amount of the 
substrate dimer and uncharacterized by-products. Due to similarities in the structures of the allene on 
the substrate and the added allene it is not surprising that poor chemoselectivity between dimerization, 
the formation of the desired product, and competing side reactions is observed. A structurally different 
allene, protected allenylic amine, was also evaluated, but it too gave rise to a complex mixture. Gas 
evolution and disappearance of the Boc peaks in the crude NMR indicated that the Boc carbamate was 
not stable under the reaction conditions. Finally, an allenyl ether was also screened as a possible 
reaction partner, but this reaction also produced a significant amount of substrate dimer. The inability 
of these substrates to undergo the desired cycloaddition indicated that alkyl allenes are generally 
unstable under these conditions or less reactive than the substrate. Those that were stable had 
structures too similar to ene-allene substrates to expect high chemoselectivity. Solutions to this 
chemoselectivity problem almost certainly would require using a large excess of the added alkyl allene, 
and therefore, other allene substitution patterns were pursued.  
The next class of allenes to be investigated were those possessing 1,1-disubstitution. Allenes 
possessing combinations of alkyl, aryl, and carbonyl substitution were prepared and evaluated. In 
general, these derivatives underwent rapid isomerization to 1,3-dienes or promoted substrate 
dimerization. This reactivity pattern was also observed for a 1,1,3-trisubstituted allene. In general, the 
presence of an activating group promoted the dimerization pathway, whereas the absence of activating 
groups led to the decomposition of the added allene. A proposal for why these allenes are ineffective 
in this reaction is included in Chapter IV. 
To this point high yields have only been obtained using activate allenes. Therefore, highly activated 
allenes were prepared in order to be evaluated in the cycloaddition. Acetylallene is easily prepared, but 
is extremely unstable and discolors quickly in the glove box at -40°C. Aryl alleneones are similarly 
unstable. Although the use of chiral allenes were previously avoided a chiral 1,3-bisallenoate was 
prepared and also found to be too unstable to undergo the desired cycloaddition. 
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Based on the above results, the only 
allene substitution tolerated under these 
conditions is simple aryl and ester 
substitution and alkyl substitution that 
possess bulky substituents at the 
homoallenylic position. (Figure 19). Using 
the standard conditions (defined in Table 2), 
Substrate 1 underwent cycloadditions with 
ethyl and benzyl allenoate in 79% and 67% 
yield, respectively. Using phenyl allene under the standard conditions gives a 59% yield, whereas using 
an electron poor phenyl allene dramatically decreased the yield of product (24%). Finally, a substrate 
mimic possessing an alkyl allene delivered the desired cycloadduct, although the product was only 
isolated in 29% yield and required the use of 5 equivalents of the added allene. Although the scope of 
added allenes that undergo the [2+2+2] cycloaddition is not excellent, similar limitations are common 
for other [2+2+2] cycloadditions.  
D. Substrate Scope 
The next aspect of the reaction’s scope to be 
explored was the nature of the tether of the ene-
allene (Figure 20). Typically, most [2+2+2] 
cycloadditions tolerate various substrate tethers. 
The most common tethers are malonates, 
bissulfonylmethylenes, ethers, sulfonamides, and 
occasionally, simple methylene units. These are typically used because each (with the exception of 
simple methylenes) biases the conformation of the substrate via the Thorpe-Ingold effect.119 
Additionally, the presence of these groups usually facilitates the preparation of the substrate. 
Derivatives possessing each of these tethers were prepared and subjected to the standard reaction 
conditions. The diethylmalonate tether is present in the standard substrate and affords the 
corresponding cycloadduct in 79%. A substrate containing a bissulfonylmethane tether gives nearly the 
 
Figure 19. Allenes that undergo the [2+2+2] cycloaddition 
 
Figure 20. Ene-allene tethers evaluated. 
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same yield as a substrate with a malonate tether. Moreover, this tether can be removed in a single step 
via a dissolving metal reduction to arrive at the formal methylene-tethered product (vide infra). 
Increasing the length of the tether by an additional methylene would allow access to decalin products. 
However, there are relatively few prior reports of -components separated by four atoms undergoing a 
[2+2+2] cycloaddition to generate a decalin product. Under the standard conditions, a substrate with 
and increased tether length gave the trans-decalin in 48% yield. The requirement of the geminal 
disubstitution limits the utility of reaction, so a substrate possessing an unsubstituted methylene tether 
was prepared. Yet, instead of undergoing the desired cycloaddition, the methylene-tethered substrate 
underwent a rapid isomerization to a complex mixture. This result is not very surprising, as ene-allenes 
have been shown to be highly reactive substrates in cycloisomerization reactions.120,121 Interestingly, 
most rhodium catalyzed [2+2+2] cycloadditions require the presence of the Thorpe-Ingold effect 
whereas nickel-catalyzed cycloadditions are subject to this limitation. This may be due to the increased 
number of coordination sites to rhodium(III) intermediates relative to nickel(II). 
Heteroatom-based tethers were also explored. An allylic-allenylic ether substrate failed to give the 
expected cycloadduct under the normal reaction conditions, but rather underwent non-specific 
decomposition. The formation of rhodium allyl species derived from allylic ethers is known and 
constitutes one possible side reaction this substrate could undergo.122 Despite these results, a 
substrate containing a nitrogen-based tether was evaluated. This sulfonamide-linked ene-allene 
afforded the expected cycloadduct in 45% yield. Based on these results, it is not clear whether the 
tether needs to promote the cyclization (via the Thorpe-Ingold effect), retard the rate of substrate 
decomposition, or both. 
The relationship between the reaction yield 
and the structure of the allene contained within 
ene-allene was also investigated. Because the 
use of chiral allenes was avoided, the only 
modifications available to the standard substrate include 1,1-disubstitution or 1,3,3-trisubsitution in 
which the 3-substituents were identical. Based on ease of preparation, substrates possessing 1,3,3-
triubsituted allenes were the first to be studied. As with the added allenes possessing alkyl substitution, 
 
Figure 21. Substrates containing substituted allenes. 
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subjecting either of the 1,3,3-trisubstituted allenes to the reaction conditions led to an uncharacterized 
mix of products. The composition of the mixture did not change based on the inclusion of exclusion of 
the allenoate, indicating that the substrates were intrinsically unstable under the reaction conditions. 
Because of these observations, only 1,1-disubstituted allenes possessing substituents lacking allenylic 
C-H bonds were investigated. Numerous attempts were made to prepare these compounds, but these 
substrates are generally unstable or require precursors that cannot be accessed. For example, a 
phenyl-substituted allene substrate derivative underwent cyclization in the absence of external reagents 
or catalysts. Thus, only simple mono-substituted allenes can be incorporated in the substrate. 
The final aspect of the racemic [2+2+2] cycloaddition to be explored was the alkene portion of the 
ene-allene (Figure 22). This portion of the substrate tolerates a relatively large variety of substitution 
patterns as long as an electron-withdrawing group is present. The standard substrate undergoes the 
cycloaddition with ethyl allenoate in 79% yield whereas a phenyl enone containing substrate undergoes 
the cycloaddition in 62% yield. Additionally, both of these substrates can also undergo a [2+2+2] 
cycloaddition with phenyl allene to deliver the cycloadducts in 59% and 42% yield, respectively. Ene-
allenes possessing electron poor cinnamyl moieties can also undergo the [2+2+2] cycloaddition. 
Specifically, p-methylbenzoate substrate 35 afforded the normal cycloadduct in 63% yield; a substrate 
possessing a p-CF3 (37) group gives product 38 in similar yield (58%). Because (Z)-alkenes typically 
bind to transition metals more strongly than do (E)–alkenes, the (Z)-methyl acrylate substrate was 
prepared. In contrast to the [2+2+2] cycloaddition reported by the Montgomery group in which alkene 
isomers undergo a stereoconvergent reaction, these isomeric substrates react via stereodivergent 
reaction. While the (Z) isomer affords a 1.2:1 mix of diastereomers, both diastereomers retain the cis 
relationships between the hydrogen atoms contained in the alkene of the substrate, indicating the 
alkene is incorporated into the product via a stereospecific elementary step. 
Given that numerous substituents can be appended to the alkene of the ene-allene, substrates that 
give rise to quaternary centers were also evaluated. Both 1,1-disubstituted alkenes and 1,3,3-
trisubstituted alkenes would produce quaternary centers in the product, so each of these substitution 
patterns were investigated. Trisubstituted alkenes, which typically do not bind strongly to transition 
metals, can be used in the cycloaddition with surprising efficiency (72%) to afford a quaternary center. 
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Two methylidene containing substrates were 
prepared: the methacrylate substrate 44 
undergoes the expected cycloaddition in 
considerably higher yield than that not 
containing an activating group (46) (62% and 
27%, respectively). Both of these adducts 
possess quaternary centers at the ring 
junction and position substituents with a 1,3-
diaxial configuration.  
Despite the wide variety of alkenes that 
can be incorporated into the substrate, not all 
substitution patterns are tolerated. Substrates 
containing a simple terminal alkene are 
unreactive in the cycloaddition, whereas a 
cyclohexenone substrate containing substrate 
provided a complex mixture. Non-carbonyl 
based electron withdrawing groups were also 
targeted for use in the cycloaddition. However, 
these ene-allene derivatives could not be 
prepared. For example, a vinyl nitrile substrate 
could not be prepared as a single olefin 
isomer, whereas the necessary dehydration of 
a Henry adduct to provide the desired nitro alkene was problematic. 
Other than the reaction of 39 to produce 40 and 41, each cycloadduct was obtained as a single 
diastereomer. It is important to note that the crude 1H NMR spectrum of a reaction generally reveals 
that other minor products are formed during the cycloaddition. However, these products are not formed 
in sufficient quantity to permit isolation or characterization. It is presumed that the remaining mass 
balance is consumed either by the formation of small amounts of the vast number of isomers possible 
 
Figure 22. Substrates possessing modified alkenes. 
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or by the formation of undetectable oligomers/polymers.  
Analysis of the alkene scope indicates that this substrate parameter is quite general, especially in 
comparison to most other [2+2+2] cycloadditions. Although activating groups are generally required to 
obtain acceptable yields of products, the positioning and nature of these groups can be varied without 
significant changes in yield.  
E. Postreaction Modification of [2+2+2] Cycloadducts 
Although not the focus of prolonged 
efforts, some straightforward 
manipulations of the cycloadducts were 
undertaken (Figure 23). The 
requirement of a tether to bias the 
reaction outcome inherently limited the 
potential utility of the products, so the 
use of a removable was tether 
investigated. Bissulfonyl groups are 
known to undergo reductive desulfonylation via dissolving metal reduction to afford unsubstituted 
methylenes. After some optimization, it was found that the tether is easily removed by treating the 
substrate with freshly activated magnesium turnings in methanol, providing the reduced product in a 
51% yield. The epimerizable stereocenters and exchangeable esters are stable under these conditions.  
Addition reactions of the cycloadduct focused on manipulations of the diene present in the product. 
The first reaction investigated was the sequential [2+2+2] cycloaddition followed by a rhodium-
catalyzed hydrogenation of the diene without the need for an additional catalyst. Simply switching the 
argon atmosphere for a hydrogen balloon and stirring at room temperature overnight affords the 
tetrasubstituted olefin in high yield without requiring isolation of the initially formed cycloadduct. More 
forcing conditions or alternative catalysts for the complete reduction of the diene were not investigated. 
Because the exocyclic 1,3-diene is relatively locked in an s-cis conformation it was expected to be a 
capable diene. Removing the reaction solvent and re-dissolution in the presence of di-methylacetylene 
dicarboxylate affords the 1,4-cycloexadiene after heating to 100 °C overnight. The resultant 
 
Figure 23. Post-reaction modifications of [2+2+2] cycloadducts. 
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cyclohexadiene undergoes dehydrogenation in the presence of DDQ to afford the corresponding 
aromatic tricycle 52 in excellent yield. More meaningful synthetic applications were complicated by the 
inability to differentiate the termini of the diene, thus precluding regioselective manipulations.  
F. Summary 
When comparing the outcomes of this cycloaddition to our initial hypothesis of using allenes and 
substituted alkenes in a [2+2+2] cycloaddition, one can see that this reaction generally has achieved 
the established goals. A new [2+2+2] cycloaddition had been developed that used a combined strategy 
of replacing alkynes with allenes and the use of substituted alkenes. These modifications result in a 
highly regio- and diastereoselective [2+2+2] cycloaddition. The highest yields are obtained using an in 
situ generated catalyst from 2.5 mol % [Rh(C2H4)2Cl]2, 6 mol % of H8BINAP, and 5 mol % AgOTf. 
Various alkenes substitution patterns and tethers can be used, but only monosubstituted allenes can 
be used in the reaction. 
  
 
 
Chapter III:  Development of Enantioselective Allene-Ene-Allene [2+2+2] Cycloaddition 
The investigations of an enantioselective [2+2+2] cycloaddition were conducted concurrently with 
end of studies toward the racemic version of the reaction. Much of the work was performed with Rahul 
Edwankar, a postdoctoral researcher in the group. Nearly all reactions in this section are distinct from 
those presented in the preceding section, although a handful of the optimization experiments for the 
enantioselectivity also led to an increase in yield (e.g. the use of H8BINAP). 
A. Effect of the Ligand on Yield and Enantioselectivity 
The extensive use of BINAP in related catalytic asymmetric [2+2+2] 
cycloadditions indicated it would be a good ligand to begin the study of 
the enantioselectivity of the reaction. However, complexes generated 
from enantiopure (R)-BINAP provide the product with very low 
enantioselectivity (19% ee). Because of this result, studies were performed to determine whether the 
ligand could substantially alter the enantioselectivity of the reaction. This was accomplished by an initial 
ligand screen of the bidentate phosphines used recently in catalytic asymmetric [2+2+2] cycloadditions: 
(R)-SEGPHOS, (R)-P-Phos, and (R)-H8BINAP (Table 2). Initially, this preliminary ligand screen showed 
that the ligand structure played only a small role in determining the enantioselectivity of the reaction, 
because reactions with (R)-BINAP, (R)-SEGPHOS, and (R)-P-Phos provide the product with nearly 
identical enantioselectivity (ca. 20% ee, Entries 1 – 3). However, continued screening showed that the 
use of (R)-H8-BINAP resulted in significantly higher enantioselectivities than the use of (R)-BINAP. The 
large change in enantioselectivity in reactions with (R)-BINAP and (R)-H8-BINAP is remarkable given 
their small structural differences (Figure 24). Besides the increased solubility H8BINAP relative to 
BINAP, the tetralin moieties impart a wider ligand preferred bite angle and make the phosphorus atoms 
slightly more electron-rich.123 Given the subtle nature of these structural changes relative to the change 
in enantioselectivity, additional families of ligands were screened in order to determine if other catalyst 
structures could improve the enantioselectivity. See Appendix 2 for the structures of all ligands.  
 
 
Figure 24. Structures of (R)-BINAP 
and (R)-H8-BINAP. 
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 A large number of bidentate ligands were screened using the standard reaction conditions. The 
DUPHOS, catASiumMNXyl, CHIRAPHOS, DIOP, MOP, PhanePhos, BINAM, GARPHOS, 
TUNEPHOS, JOSIPHOS, WALPHOS, MANDYPHOS, and TANIAPHOS ligands/families did not give 
any of the expected [2+2+2] cycloadduct. However, the SEGPHOS and the MeO-BIPHEP families of 
ligands generate complexes that produce the desired cycloadducts. Both of these ligand classes have 
a large number of commercially available derivatives. Reactions were performed with all available 
Table 2. The Ligand Effect on Isolated Yield and Enantioselectivity 
 
 
Entry Ligand Allene  Yield ee Entry Ligand Allene Yield ee 
1 (R)-BINAP, L1 5 68% 19% 23 
(R,S)-NMe2- 
P(3,5-Me-4-MeOPh)2, 
L22 
53 NRc NAb 
2 (R)-SEGPHOSa, L2 5 23% 20% 24 (R,S,R)-Chenphos, L23 53 NRc NAb 
3 (R)-P-Phosa, L3 5 41% 20% 25 
(R,R)-Ph2PPhCHNMe2- 
T-PPh2, L24 
53 NRc NAb 
4 (R)-H8-BINAP, L4 5 79% 62% 26 
(R,R)-Cy2PPhCHNMe2- 
T-PCy2, L25 
53 NRc NAb 
5 (R)-H8-BINAP, L4 53 67% 60% 27 (R)-p-Tol-BINAP, L26 5 43% 7% 
6 (R,R)-Me-DUPHOS, L5 5 NRc NAb 28 (R)-Xyl-BINAP, L27 5 51% 13% 
7 
(R,R)-catASiumMNXyl, 
L6 
5 NRc NAb 29 (R)-p-MeO-BINAP, L28 5 56% 9% 
8 (S,S)-CHIRAPHOS, L7 53 NRc NAb 30 (R)-4,4’-TMS-BINAP, L29 5 38% 7% 
9 (R,R)-DIOP, L8 5 NRc NAb 31 (R)-DM-SEGPHOS, L30 5 Trace 6% 
10 (S)-MOP, L9 53 NRc NAb 32 
(R)-DTBM-SEGPHOS, 
L31 
5 Trace 35% 
11 (R)-PhanePhos, L10 53 0%d NAb 33 
(R)-DIFLUOROPHOS, 
L32 
5 Full 33% 
12 (R)-BINAM, L11 5 NRc NAb 34 (R)-MeO-BIPHEP, L33 53 24% 4% 
13 (R)-SYNPhos, L12 5 56% 14% 35 
(R)-p-Tol-MeO-BIPHEP, 
L34 
53 33% 2% 
14 (R)-BTFM-Garphos, L13 53 Trace NA 36 
(R)-Xyl-MeO-BIPHEP, 
L35 
53 34% 38% 
15 (R)-C3-TunePhos, L14 53 Trace Rac 37 
(R)-(3,4,5-tri-MeO)-MeO-
BIPHEP, L36 
53 30% 10% 
16 (R)-(S)-PPF-PCy2, L15 53 NRc NAb 38 
(R)-(3,5-iPr)-(4-Me2N)-
MeO-BIPHEP, L37 
53 15% 26% 
17 (R)-(S)-PPF-PtBu2, L16 53 NRc NAb 39 
(R)-(DT)-MeO-BIPHEP, 
L38 
53 24% 47% 
18 (R)-(S)-Cy2PF-Pcy2, L17 53 NRc NAb 40 
(R)-(DTBM)-MeO-
BIPHEP, L39 
53 38% 18% 
19 (R)-(S)-PPF-PXyl2, L18 53 NRc NAb 41 
(R)-(2-furyl)-MeO-
BIPHEP, L40 
53 11% 38% 
20 
(R)-(R)-Ph2PPhF- 
P(3,5-CF3Ph)2,L19 
53 NRc NAb 42 
(R)-(iPr)-MeO-BIPHEP, 
L41 
53 NRc NAb 
21 
(R,R)-Ph2PPhF-PPh2, 
L20 
53 NRc NAb 43 
(R)-(p-CF3)-MeO-
BIPHEP, L42 
53 16% 7% 
22 (R,S)-NMe2-PPh2, L21 53 NRc NAb 44 (R)-Cl-MeO-BIPHEP, L43 53 67% 64% 
aThe reaction was conducted using 5 mol % [Rh(COD)2Cl], 10 mol % AgOTf, and 12 mol% of the ligand indicated. bThe yield of 
cycloadduct was too low to permit HPLC analysis. cNo Reaction. 
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analogues to determine what aspects of the ligand structure are important for enantiodifferentiation.  
All commercially available derivatives of BINAP were inferior to the parent ligand (entries 27 – 30), 
generating complexes that provide products with enantioselectivities between 7 and 13% ee. These 
results suggest that increasing the steric environment of the metal or increasing the relative electron 
density of the phosphorus atoms leads to a decrease in enantioselectivity. Because it was unclear if 
this was a general trend or specific to BINAP ligands, the SEGPHOS ligands were also evaluated. 
Relative to BINAP, complexes generated with these ligands gave higher enantioselectivities, but no 
discernable correlation between the steric shielding of the metal or the electron density of the 
phosphorus with enantioselectivity could be determined. The parent ligand, SEGPHOS, generates the 
product with 20% ee, whereas using a more hindered m-xylyl derivative, DM-SEGPHOS, generates 
essentially racemic product. The more electron rich and more hindered DTBM-SEGPHOS reverses this 
trend, providing a moderate increase in enantioselectivity relative to the other derivatives (33% ee), but 
the conversion is dramatically lower. An electron poor derivative, DIFLUOROPHOS, also increases the 
enantioselectivity without sacrificing conversion (full conversion, 33% ee), but contradicts the trend that 
increasing the electron-density of phosphorus increases the enantioselectivity. Thus, no trend between 
the structure of a particular SEGPHOS ligand and the enantioselectivity could be determined. This 
required the evaluation of an additional ligand family. 
The MeO-BIPHEP family was the next class of ligands to be investigated (entries 34-44) because 
it has a vast number of commercially available derivatives (>10). As with all other ligands, all reactions 
performed with ligands containing any alkyl substituents on the phosphorus atoms suppressed the 
desired cycloaddition and afforded unreacted starting materials. When aryl phosphine derivatives were 
used a 25 – 35 % yield of the standard cycloadduct was obtained, but the changes in enantioselectivity 
once again failed to provide information regarding what components of the ligand. Interestingly, Cl-
MeO-BIPHEP, which contains a chlorinated backbone, gave a dramatically higher enantioselectivity 
than the parent ligand. Other electron-poor derivatives of MeO-BIPEHP were evaluated, but these did 
not provide the same level of enantiocontrol.  
Because the evaluation of the SEGPHOS and MeO-BIPHEP families failed to produce information 
regarding what components of the ligand dictate the level of enantioselectivity, derivatives of H8BINAP 
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were evaluated. Only 
H8BINAP and Xylyl-
H8BINAP are 
commercially available, 
which required the synthesis of the other derivatives. The preparation of the ligands requires only three 
steps from the bistriflate of H8BINOL by successive cross couplings of the diraylphosphine moieties 
(Figure 25).124 The bistriflate of H8BINOL can be prepared in two steps from enantiopure BINOL on 
multigram scale in excellent yield. Because the diarylphosphine moieties are introduced in different 
steps, non-C2-symmetric derivatives could also be prepared using the same procedure by simply 
varying the cross coupling partner.  
Seven new derivatives of (R)-H8-
BINAP were prepared, including five 
non-C2-symmetric ligands (Table 3). An 
electron poor derivative (p-Cl, entry 2) 
gave lower yields and 
enantioselectivities than the parent 
ligand. Similarly, increasing the size of 
the aryl ring’s substituents led to a 
decrease in yield and reaction 
enantioselectivity (entries 4 – 6). The 
increase in substituent size was proportional to the decrease in enantioselectivity.  
It was hypothesized that individually modifying the coordination sites of metal may be able to 
enhance the reaction enantioselectivity. Thus, ligands lacking C2 symmetry125 were prepared to allow 
individual modification of both the steric and electronic properties of each coordination site. 
Interestingly, these ligands possess remarkably large P-P coupling constants (5JP-P = ca. 29 Hz). 
Although they are not commonly used, non-C2 symmetric derivatives of BINAP have been reported 
previously.126 An electron-rich ligand was prepared to demonstrate proof of principle. Although it did 
not improve the enantioselectivity of the reaction relative to (R)-H8-BINAP, the product was obtained in 
Table 3. Screen of (R)-H8-BINAP derivatives  
 
Entry Ligand Yield ee % 
1 (R)-H8-BINAP, L4 67% 60 
2 (R)-p-Cl-H8-BINAP, L44 41% 50 
3 (R)-2-naphthyl-H8-BINAP, L45 49% 49 
4 (R)-3,5-xylyl-H8-BINAP, L46 41% 47 
5 (R)-(3,5-Ph)-Ph-H8-BINAP, L47 18% 20 
6 (R)-3,5-t-Butyl-H8-BINAP, L48 Trace 8 
7 (R)-p-MeOPh-Ph-H8-BINAP, L49 50% 59 
8 (R)-p-CF3Ph- p-MeOPh-H8-BINAP, L50 53% 50 
9 (R)-Ph-2-napthyl-H8-BINAP, L51 66% 45 
10 (R)-(3,5-Ph)-Ph-Ph-H8-BINAP, L52 40% 39 
11 (R)-p-MeOPh-2-naphhtyl-H8-BINAP, L53 63% 50 
 
 
Figure 25. Preparation of (R)-H8-BINAP derivatives. 
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higher enantioselectivity relative to any other ligand previously evaluated. Thus, several other 
derivatives were prepared, including one that has both an electron-poor and electron-rich 
diarylphosphine moiety. However, a reaction using this ligand also gave a decrease in 
enantioselectivity, so sterically modified ligands were explored. Two of these ligands were also 
prepared, but they also gave lower enantioselectivities than the parent (R)-H8-BINAP. It is likely that 
any benefit imparted from the individual modification of the metal coordination sites was offset by the 
increase in number of possible diastereomeric complexes that accompanies the loss of C2 symmetry.  
Collectively, the data obtained from the ligand screen do not clearly indicate a manner in which 
ligand modifications can improve the enantioselectivity. Reactions of other substrates were performed 
with (R)-Cl-MeO-BIPHEP, but these typically gave slightly lower yields and enantioselectivities than 
those obtained using (R)-H8-BINAP. Thus, (R)-H8-BINAP was used to investigate the effect of other 
reaction parameters on enantioselectivity.  
B. Effect of the Precatalyst, Counterion, and Solvent on Yield and Enantioselectivity 
Although a ligand that dramatically increased the enantioselectivity of the reaction could not be 
identified, numerous other reaction parameters that could increase the enantioselectivity needed to be 
investigated. The choice of precatalyst has previously been shown not to dramatically alter the yield of 
the reaction, but it was not clear if the presence of the olefins from the precatalyst could influence the 
enantioselectivity. However, when reactions were conducted with complexes prepared in situ from 
[Rh(ndb)Cl]2, [Rh(COD)Cl]2, [Rh(coe)2Cl]2, [Rh(C2H4)2Cl]2, or [Rh(CO)2Cl]2 no difference in 
enantioselectivity was observed. This suggests that the precatalyst ligands may not be present in the 
active catalyst, and therefore, have no impact on the reaction enantioselectivity. 
The identity of the silver salt was previously shown to have a large effect on the yield of the reaction. 
Therefore, experiments were performed in which the silver salt was varied in order to determine the 
impact on the enantioselectivity. The results from these experiments are shown in Table 4. Using the 
standard conditions, the cycloadduct was obtained in 79% yield with 62% ee. It was expected that using 
other silver salts would lower the yield because AgOTf had previously been identifited as the silver 
additive that provides the highest yields. Indeed, using any other silver salt resulted in lower isolated 
yields of cycloadduct. However, some of the silver salts generated cationic complexes that rendered 
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the reaction more highly 
enantioselective. Although the 
coordinating ability of a given 
counterion is context dependent, some 
clear trends emerged from the 
counterion screen.127–129 The first of 
these is that the mesylate and tosylate 
anions, which should coordinate more 
strongly than the triflate anion, gave 
lower yields but higher product 
enantioselectivities. Secondly, in the 
series of BF4-, PF6-, AsF6-, and SbF6-, 
the reaction yield and enantioselectivity decreased as the size of the anion increased. Finally, anions 
that would be expected to coordinate more strongly, such as acac, acetate, O2C5H7 
(heptafluorobutyrate), and chloride, gave lower yields, conversions, and in general, significantly lower 
enantioselectivities. These data suggest an ideal balance between reactivity and selectivity is best 
obtained with AgOTf as the added silver salt. However, other salts can be used to form the product with 
higher levels of enantioselectivity at the expense of yield. 
Chiral silver salts were briefly investigated to determine if an addition chiral element could alter the 
enantioselectivity of the reaction. The Toste group has previously demonstrated that chiral counterions 
can be combined to traditional chiral catalysts to render a reaction more highly enantioselective.130 
Thus, in separate experiments, each enantiomer of Ag-BINOL-Phosphate was used as the silver salt 
with (R)-H8-BINAP (entries 14 and 15). In each of these reactions the same yield and enantioselectivity 
was obtained, suggesting that the association between the anion and the metal complex was not able 
to alter the enantioselectivity of the reaction. Thus, no further reactions were conducted with chiral silver 
salts.  
Control experiments confirmed that the presence of silver is not critical for nor detrimental to the 
reaction because preformed cationic complexes can be used without erosion of the enantioselectivity. 
Table 4. Counterion Effect on Yield and Enantioselectivity 
 
 
Entry Allene Counter Anion Yield ee 
1 5 OTf 79% 62% 
2 53 OTf 67% 60% 
3 5 Cl 59% 58% 
4 5 OMs 51% 84% 
5 5 OTs 57% 73% 
6 5 BF4 53% 76% 
7 5 PF6 49% 60% 
8 5 AsF6 48% 51% 
9 5 SbF6 30% 53% 
10 5 acac 18% 50% 
11 5 OC2F3 Trace 11% 
12 53 O2CC4H7 20% Rac 
13 53 NO3 Trace 33% 
14 53 (R)-BINOL-Phosphate 42% 55% 
15 53 (S)-BINOL-Phosphate 43% 55% 
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Similarly, in situ generated complexes can be filtered through a submicron filter without changing the 
enantioselectivity of the reaction. This indicates the precipitated AgCl byproduct does not interfere with 
or co-catalyze the reaction.  
Despite the fact that complexes with other counterions can generate cycloadduct 6 in higher 
enantioselectivity than can triflate, the increase in enantioselectivity was not generalizable to other 
substrates. Furthermore, the total yield of the major enantiomer (defined as the yield multiplied by the 
enantiomeric ratio) is always highest using AgOTf. Due to the lack of generality and the substantial 
decrease in yield that was observed when using other silver salts, the reaction was investigated further 
primarily using triflate as the counter anion to rhodium. 
 The role of the solvent was also 
briefly investigated to determine if it 
could alter the enantioselectivity. Similar 
to the silver salts, the reaction had 
previously been optimized with toluene, 
indicating that an extensive solvent 
screen was not necessary if the effect on 
the enantioselectivity was minimal. Initial 
experiments conducted in solvents that 
are significantly less polar (entry 1) or 
significantly more polar (entries 2 and 3) 
failed to catalyze the cycloaddition. Ethyl 
acetate and ethereal solvents (entries 4 – 7) gave lower yields of product, but did not significantly 
decrease the enantioselectivity of the reaction. Dichloroethane gave a significantly lower yield and 
enantioselectivity, which could be in part due to the formation of triflic acid by cationic metal 
complexes.131 Because the reaction enantioselectivity is not sensitive to the nature of the solvent and 
reactions in toluene had previously been identified to give the highest yields, further optimization 
experiments were conducted in aromatic solvents (entries 9 - 15). Performing reactions in benzene did 
not change the enantioselectivity, but did lower the reaction yield. A reaction in trifluorotoluene gave a 
Table 5. Solvent Effect on Yield and Enantioselectivity. 
 
 
Entry Allene Solvent Yield ee 
1 5 Cyclohexanea NR NA 
2 5 Acetonitrilea NR NA 
3 5 Trifluoroethanola NR NA 
4 5 Ethyl Acetatea 43% 56% 
5 5 Di-n-butyl Ether 47% 64% 
6 5 1,4-Dioxane 52% 63% 
7 5 Glymea 16% 62% 
8 5 1,2-Dichloroethane 32% 42% 
9 5 Benzene 66% 62% 
10 5 Toluene 79% 62% 
11 53 Toluene 67% 60% 
12 5 Trifluorotoluene 36% 48% 
13 5 t-Butylbenzene 61% 57% 
14 5 Mesitylene 75% 67% 
15 53 rac-s-butylbenzene 61% 65% 
aThe reaction was run at 80 °C. 
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surprising decrease in yield and enantioselectivity; this is likely an electronic effect as t-butylbenzene 
gave nearly the same enantioselectivity as toluene. Mesitylene as the solvent gave a modest increase 
in enantioselectivity, but this was offset by a decrease in yield. Further, the improvement in 
enantioselectivity was not general to other substrates. A racemic aromatic solvent, sec-butylbenzne, 
was used to determine if a chiral additive could cause an increase in enantioselectivity, but reactions 
in this solvent did not provide better results than those in toluene. Based on these results, the use of 
toluene as the reaction solvent was continued. 
C. Effect of Miscellaneous Reaction Parameters on Yield and Enantioslectivity  
The absence of a significant 
improvement in the enantioselectivity by 
the catalytic system prompted 
miscellaneous reaction parameters to be 
investigated as an avenue to attain higher 
levels of enantiocontrol. Thus, the use of 
additives, catalyst loadings, reaction 
concentrations, stoichiometries, and other 
changes to the reaction were evaluated 
for their impact on the enantioselectivity 
(Table 6). Although the existence of a 
microwave effect is still debated in the 
literature,132 some rhodium-catalyzed cycloadditions have been noted to give higher yields when this 
method of heating is used.133 However, no significant benefit was observed when the reaction was 
heated by microwave instead of an aluminum block (entry 3, compare to Table 5, entry 14). The use of 
Lewis acids was also briefly investigated, but adding LiOTF (entry 4) or Ti(OiPr)4 did not increase the 
enantioselectivity of the reaction. Rovis has shown that excess substrate can act as a ligand to lower 
the enantioselectivity of a reaction.134 This effect can be mitigated by the inclusion of additional achiral 
ligands, such as pyridines, to inhibit the ability of excess substrate to bind to the metal. Therefore, 
reactions with pyridine additives were conducted (entries 5 and 6) but these only slowed the reaction 
Table 6. Effect of Various Modifications on Yield and Enantioselectivity 
 
 
Entry Allene Deviation Yield ee % 
1 5 None 79% 62 
2 53 None 67% 60 
3 53 Mesitylene, µwave 54% 67 
4 53 Add 3 eq. LiOTf 43% 53 
5 53 Added 20 mol% pyridine 28% 60 
6 5 Added 1 eq Me-Nicotinate 54% 60 
7 53 ½ Catalyst Loading 54% 55 
8 53 2X Catalyst Loading 61% 61 
9 53 Quenched at 30 minutes 41% 60 
10 53 10 mol % AgOTf 70% 60 
11 53 45 °C, 2X Concentration, 48 h 47% 59 
12 53 60 °C 33% 59 
13 53 120 °C 56% 59 
14 5 45 °C, 2X Concentration, 36 h 35% 63 
15 5 120 °C 67% 63 
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without affecting the enantioselectivity. Despite the addition of pyridines not affecting the 
enantioselectivity, there were concerns that perhaps the catalyst was changing throughout the course 
of the reaction. This could be detected by showing enantioselectivity is dependent on the concentration 
of catalyst or that the enantioselectivity changes during the course of the reaction.135 These scenarios 
were tested (entries 7 – 9), and found not to contribute to the enantioselectivity of the product. 
Because the temperature of a reaction can have a profound impact on rates and enantioselectivity, 
the cycloaddition was conducted at several temperatures in the range of 45 to 120°C (entries 11 – 15). 
Surprisingly, the reaction is extremely insensitive to changes in temperature over this range. This was 
found to be a general effect, as the enantioselectivity was found to be independent of temperature in 
experiments conducted with (S)-P-Phos as the ligand, in reactions using AgBF4 as the silver salt, in 
reactions conducted in 1,2-dichloroethane and 1,4-dioxane, and in reactions using other substrates. 
The importance of these findings will be more thoroughly discussed in the mechanistic section. 
D. Effect of Added Allene on Yield and Enantioselectivity 
As shown, the re-evaluation of 
reaction parameters to increase the 
enantioselectivity of the reaction 
did not yield general 
improvements. Using the same 
conditions as first reported for the 
racemic reaction, different 
allenoate ester groups were 
evaluated to determine if the ester 
substituent could change the 
enantioselectivity of the reaction. In 
addition, a few other allenes were 
investigated to determine how a 
more pronounced change to the structure of the added allene would affect the outcome of the reaction. 
Results are shown in Figure 26. In general, the effect of the allenoate ester group is modest. Using 
 
Figure 26. Effect of the added allene on the yield enantioselectivity of the [2+2+2] 
cycloaddition. 
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methyl, ethyl, t-butyl, or benzyl group on the allenoate gives a negligible difference in enantioselectivity. 
Using a more sterically encumbering 9-methanolanthracenyl allenoate elicits a dramatic decrease in 
enantioselectivity. Other allenoates, such as cyclohexyl or aryl derivatives, also produce products in 
lower levels of enantioenrichment than does ethyl or benzyl allenoate. This establishes a trend in which 
more sterically pronounced allenoate groups give products with lower enantioselectivities. An increased 
steric interaction causing lower enantioselectivity is consistent with the trend established in the H8-
BINAP structure studies in which the increasing size of the aryl ring substituents decreases 
enantiocontrol (Table 3).  
Although allenoate ester groups generally do not elicit a large change in enantioselectivity relative 
to each another, using aryl or alkyl substituted allenes hinders enantiodifferentiation (68, 9, and 1). 
While disappointing in terms of the synthetic utility of this method, the pronounced effect on the structure 
of the allene concerning the observed enantioselectivity of the products provides information regarding 
the mechanism of this process. Importantly, the catalyst cannot effectively differentiate between 
substrate mimic 9 and the substrate, which results in a nearly racemic product (11% ee). This 
observation will be discussed more thoroughly in Chapter IV. 
E. Effect of ene-allene Structure on Yield and Enantioselectivity 
Because all non-substrate specific reaction modifications have been evaluated for their impact on 
the reaction enantioselectivity, the substrate scope of the [2+2+2] cycloaddition using the standard 
conditions is presented (Figure 27). The ester group of standard substrate 1, was modified by 
increasing the size and by appending electron-withdrawing groups (67 and 69, respectively). While the 
steric modification did not produce a significant difference, the trifluoroethyl ester containing substrate 
produced the product in lower enantioselectivity. The yield was not sensitive to these modifications. 
Substitution of the ester group for an electron-poor aryl group produces a small increase in 
enantioselectivity along with a small decrease in yield, whereas using an enone containing substrate 
produces a significant decrease in yield and enantioselectivity. In addition to these 1,2-distubtituted 
alkenes, other substitution patterns can be used. For example, 1,1-disubstituted alkenes can be used, 
and similar to 1,2-disubstituted alkenes, the yield and enantioselectivity is not sensitive to the size of 
the ester’s substituent. These products are generated with higher enantioselectivity than the isomeric 
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counterparts 
prepared from 1,2-
disubstituted 
alkenes and 
generate quaternary 
centers at the trans-
hydrindane ring 
junction. Substrates 
containing 
trisubstituted 
alkenes can also be 
used to afford 
quaternary center 
containing products 
in good yield. The 1,1,2-trisubstituted alkene containing substrate produces the corresponding 
cycloadduct 43 in higher yield than does an allene containing a 1,2,2-trisubstituted alkene (73).  
In addition to the examination of the alkene, the effect of the tether on the reaction yield and 
enantioselectivity was also examined. Despite being produced in lower yield, a sulfonamide-linked 
substrate gives nearly the same enantioselectivity as do substrates containing malonate tether. When 
the sulfonamide is changed to a sulfonimide, a significant decrease in enantioselectivity ensues. Taken 
in conjunction with the reactions to produce 33 and 70, this result indicates that substrates containing 
less electron-rich alkenes produce cycloadducts with lower enantioselectivity. Furthermore, this result, 
and the reactions to produce 25, 78, and 80 show that a change to either the length or nature of the 
tether does not significantly change the reaction enantioselectivity.  
Certainly, the collective enantioselectivities are not attractive from a synthetic standpoint. Only a 
handful of reaction produces the product in greater than 80% ee. However, most of the products are 
solids, which allow the moderate enantioselectivities to be improved to excellent levels of enantiopurity 
upon recrystallization. For example, the racemate of 6 crystalizes easily from ethyl acetate and 
 
sReaction conducted with benzyl allenoate, 53. bThe reported ee is approximate because baseline separation of 
the enantiomers could not be achieved. 
 
Figure 27. The effect of ene-allene structure on yield and enantioselectivity. 
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hexanes, whereas the slow evaporation of a chloroform solution of 29 yields a nearly enantiomerically 
pure sample.  
In summary, extensive efforts were put towards the optimization of the enantioselectivity of the 
[2+2+2] cycloaddition. Modifications capable of increasing the enantioselectivity are not applicable to 
other substrates so the previously used conditions were once again adopted as the standard conditions. 
The substrate and the added allene tend to play a role in determining the enantioselectivity. However, 
the added allene generally controls the observed enantioselectivity more so than the ene-allene. The 
reaction enantioselectivity is generally insensitive to modification of the ene-allene tether. 
Enantioselectivities are usually highest when allenoates are combined with ene-allenes containing 
mildly activated alkenes or sterically hindered alkenes. All reaction parameters contribute to the yield 
of the reaction, but these are generally highest when malonate tethered ene-allenes react with 
allenoates. 
  
 
 
Chapter IV: Discussion of the Reaction Mechanism 
A. Determination of the Reaction Mechanism  
The lack of a trend relating the structure of the ligand and the enantioselectivity of the reaction 
prompted some consideration into the reaction mechanism. It should be noted that kinetic or extensive 
spectroscopic studies were not undertaken and that the mechanistic information was ascertained from 
interpretation of optimization experiments, analysis of the yields and enantioselectivities of 
cycloadducts, and designed mechanistic experiments. 
Based on literature precedent, two 
plausible mechanisms for the ene-allene 
[2+2+2] cycloaddition are presented in 
Figure 28. In Cycle A, oxidative coupling 
occurs between both allenes to generate a 
bis-allyl rhodacyclopentane. This 
undergoes a subsequent alkene insertion 
and reductive elimination to afford the 
product. In Cycle B, oxidative coupling the alkene and allene portion of the ene-allene occurs after 
coordination to the metal. Insertion of the added allene and reductive elimination of the corresponding 
rhodacycloheptane would deliver the cycloadduct. Following a discussion of general mechanistic data 
is followed by the information used to differentiate the two plausible catalytic cycles. 
The generation of the active catalyst is the first step in either catalytic cycle. Under the standard 
conditions, this occurs by dissociation of the dimeric catalyst [Rh(C2H4)Cl]2 into a solvated monomer 
and replacing of the precatalyst ligands with the added ligand, typically (R)-H8BINAP. This yields a 
deep red solution when conducted in toluene, which is attributed to the presence of [Rh(R)-H8BINAP 
(solv)2Cl] or [Rh(R)-H8BINAP (olefin)2Cl]. This color is consistent with the reported color for RhI/BINAP 
complexes and is the same color obtained for virtually all bis-phosphines used in these studies. Addition 
of this solution to a solution of a silver salt yields a change in color from red to orange as well as the 
 
Figure 28. Plausible reaction mechanisms. 
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formation of insoluble material, presumed to be AgCl. When the precatalyst used does not contain 
chloride (e.g. [Rh(COD)2][BF4]) the same orange solution is obtained upon addition of the phosphine, 
indicating the orange color is due to the presence of a cationic rhodium species and not the presence 
of silver. These species are presumed to be the catalytically active species. 
The addition of the ene-allene and added allene causes a bleaching of the color. The time required 
for this to happen is highly dependent on the nature of the added allene used. When allenoates are 
used the formation of a nearly colorless pale yellow solution is almost instantaneous whereas other 
allenes (e.g. phenyl allene) require prolonged stirring (10 to 30 min) at room temperature to achieve 
the same change in color. This color change occurs rapidly in just the presence of allenoate (i.e. no 
ene-allene is present), but requires more time in the presence of just ene-allene. Furthermore, the rate 
of this color change is impacted by the nature of the precatalyst used. In reactions conducted with 
bis(mono-ene) precatalysts (e.g., [Rh(C2H4)2Cl]2) the color change is instantaneous, whereas in 
reaction with diene ligated precatalysts (e.g., [Rh(COD)2Cl]) this color change requires more time (ca 
10 min to 1 h). This color change is attributed to a change in oxidation state from RhI to RhIII and has 
previously been observed upon the formation of other bisphosphine ligated RhIII complexes.136 These 
data indicate that allene coordination and/or oxidative coupling may be facile processes at room 
temperature using the standard conditions with allenoates. Recent calculations have shown that the 
coordination of two allenes to a cationic rhodium(I) bisphosphine is exergonic by approximately 20 
kcal/mol. 
The relative coordinating abilities of the ene-allene substrate and added allene should be 
considered to differentiate Cycle A and B. The binding affinity of allenes toward late-transition metals 
should favor the first intermediate in Cycle A enthalpically, but the consideration of the entropy of the 
ligand exchange must be considered. It is likely (vide infra) that the active catalyst is a bis solvate 
complex, and therefore, the exchange of the solvent for ene-allene and added allene should be nearly 
entropically neutral. However, bidentate chelation that is proposed for the intermediate in Cycle B 
should be entropically favorable. Thus, using this elementary treatment it is not possible to predict which 
complex should be favored energetically. Furthermore, because the initial substrate coordination is 
highly unlikely to be rate determining, the prediction of the relative stability of these two complexes will 
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fail to provide insight concerning which proceeds to product more rapidly, and therefore, is ultimately 
not important in differentiating the two possible catalytic cycles. 
Most [2+2+2] cycloadditions reported to date do not create a stereodefined ring junction, which 
complicates the use the observed stereochemistry to differentiate Cycles A and B. Therefore, 
examination of related reactions is necessary to determine if the observed stereochemistry of the ring 
junction can yield mechanistic information regarding this reaction. Literature precedent has clearly 
established that intramolecular oxidative coupling of an ene-allene a feasible process, and therefore 
establishes precedent for the oxidative coupling in Cycle B. However, Montgomery has shown that 
reductive couplings of ene-allenes occur to provide what would form a cis-ring junction.98,99 In addition, 
Itoh has shown that ene-allene cycloisomerization reactions that are proposed to start by oxidative 
coupling of the ene-allene also produce cis ring junctions, although the preference is modest (ca. 3:1 
cis/trans).137 One potential reason for this preference of the cis relationship is the relative stability of the 
cis- and trans- [3.3.0]-bicyclometallocycleoctanes. The strain energy of a trans-[3.3.0]-bicyclooctane is 
6.4 kcal/mol higher than that of the cis isomer.138 Although it is tenuous to expect the energy differences 
of the carbocycles to equal that of the metallocycles, it is reasonable to suspect there is a 
thermodynamic preference for the formation of the cis isomer. However, trans-hydrindanes are the 
major products in this [2+2+2], which suggests that a different mechanism (Cycle A) may be operative. 
The oxidative coupling of two allenes, such as what is proposed to occur in Cycle A, also has 
literature precedent. De Pasquale105 and Porri106 have both shown that late-transition metals can react 
with 1,2-propadiene to afford metallocycles (Figure 14). However, examples of intermolecular allene-
allene oxidative coupling involving substituted allenes is not well established in the literature. Recent 
computational studies have shown that the rhodium-mediated oxidative coupling of 1,2-butadiene is a 
facile process and is exergonic by approximately 25 kcal/mol.139  
In addition to literature precedent, experimental support for this pathway was serendipitously 
obtained via the attempted [2+2+2] cycloaddition of 81 and benzyl allenoate, 53 (Figure 30). Instead of 
undergoing the normal reaction pathway, this substrate produced a lactone in good yield. Similar 
products have also been detected as minor by-products when allenoates with labile ester groups (e.g., 
43 
 
Bn, tBu) are reacted with substrates that 
normally produce the expected [2+2+2] 
cycloadduct. The formation of these products 
is best rationalized by a mechanism involving 
oxidative coupling of two allenes, 
isomerization of a carbon-bound rhodium 
enolate to the oxygen-bound isomer. This is 
followed by reductive elimination. Loss of the 
benzyl group then provides the observed product. This result is important for a two reasons. First, the 
formation of this product and related byproducts occurs on the same timescale as the catalytic [2+2+2] 
cycloaddition. This indicates that allene-allene oxidative coupling is a kinetically viable process under 
these conditions.  
Interpretation of experimental results also suggests that the pathway in Cycle A is operative. The 
first information to consider is the sensitivity of the reaction enantioselectivity to deviation from the 
standard substrate and an allenoate. Specifically, changing the added allenoate to a different allene 
has a profound impact on reaction enantioselectivity, whereas changing the identity of the alkene 
typically has a muted effect. The exception to this generalization is when electron poor alkenes (e.g. 
phenyl enones or fumarates 24, 32, 79) or 
when sterically congested alkenes are used 
(e.g. crotonolactone, 81). The lack of a tether 
effect on reaction enantioselectivity does not 
clearly implicate either pathway.  
A planned mechanistic experiment to 
distinguish the two pathways was conducted 
(Figure 31). In this experiment, two added 
allenes were allowed to react with one 
substrate and the enantioselectivity of the 
cycloadducts was measured. These 
 
Figure 30. Experiments to determine if an added allene acts as a 
dative ligand. 
 
Figure 29. Reaction that established precedent for allene-allene 
oxidative coupling. 
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enantioselectivities were then compared to those obtained in separate experiments. The mechanistic 
experiment was conducted to determine if the added allene acts as a dative ligand during oxidative 
coupling necessary to start Cycle B, which has been observed by Rovis in [2+2+2] cycloadditions of 
alkenyl isocyantes.134 After oxidative coupling in Cycle B, ligand exchange of the added allene for 
another allene present in solution could precede product formation. This would result in a change in 
enantioselectivity between that obtained in this experiment and between that obtained in an isolated 
experiment. When the experiment was performed, the same enantioselectivity was observed as during 
normal isolated experiments. This indicates that either Cycle A is operative or if Cycle B operates that 
exchange of the allene is significantly slower than insertion of the already coordinated allene. Therefore, 
this evidence cannot be used to exclude catalytic Cycle B. 
Although the planned mechanistic experiment failed to provide information distinguishing the two 
pathways, the collective data are most consistent with the mechanism shown in Cycle A. The manner 
in which enantiodifferentiation occurs is discussed in the following section presuming that the reaction 
occurs via Cycle A. 
B. Origin of Stereoselectivity 
Although Catalytic Cycle A explains how the bonds are formed during the [2+2+2] cycloaddition, it 
does not offer a complete picture of how the reaction occurs. Specifically, Cycle A does not explain the 
origin of the enantioselectivity nor does it rationalized the high diastereo- and regioselectivity. Those 
aspects of the reaction are now discussed. 
A review of the experimental data clearly establishes three factors that influence the 
enantioselectivity of the reaction. The first factor that controls the enantioselectivity is the identity of the 
allene. Allenoates react to afford cycloadducts with the best enantioselectivity (ca. 60% ee), whereas 
phenyl allene and alkyl allenes (substrate dimer) react to give nearly racemic products (ca. 15% ee). 
This indicates that the choice of allene affects the reaction enantioselectivity. Catalytic Cycle A involves 
allene-allene coupling as the step sets the stereocenters. Thus, the dependence of enantioselectivity 
on the structure of the allene is straightforward. 
The second parameter that has an impact on the enantioselectivity is the electronic and steric 
profile of the alkene of the ene-allene. The highest yields and enantioselectivities are obtained with 
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hindered, mildly activated alkenes. When highly activated alkenes are used, a lower enantioselectivity 
is observed. Increasing the number of substituents on the alkene also raises the enantioselectivity of 
the reaction. These results indicate that the alkenes that coordinate to the metal most weakly afford 
products with the highest enantioselectivity. One explanation for this trend is a competing mechanism 
in which Cycle A and Cycle B compete. However, it is unlikely that in a scenario with competing 
mechanisms that a deviation of temperature would not elicit a change in enantioselectivity. Another 
possible explanation for this effect is that more electron rich alkenes make oxidative coupling less 
reversible. After oxidative coupling has occurred, the resultant RhIII cation is very electrophilic and is 
less likely to bind to an electron poor alkene. Thus, when very electron deficient alkenes are used retro 
oxidative coupling of the allenes may occur. Because retro oxidative coupling would destroy the 
established stereocenters this reversibility would have a net effect of lowering the enantioselectivity. 
When relatively electron-rich alkenes are used, the oxidative coupling is less reversible and higher 
enantioselectivities are obtained.  
The final factor that controls the enantioselectivity of the reaction is the relative steric interactions 
between the rhodium catalyst and the allenes. When bulky phosphines or very large allenoate ester 
groups are used, poor enantiocontrol is observed. This trend is contrary to many organometallic 
reactions in which increased catalyst/substrate interactions are targeted to favor one of the possible 
diastereomeric complexes. Presently there is not a nuanced interpretation of this observation. 
Of the ligands surveyed, (R)-Cl-MeO-BIPHEP and (R)-
H8-BINAP and its derivatives were uniquely effective in 
catalyzing the reaction in acceptable yields and 
enantioselectivities. Among the most surprising results in 
the optimization studies was the marked difference in 
enantioselectivity between reactions using (R)-H8-BINAP 
and those using (R)-BINAP (62% and 19% ee, respectively) because the physical differences in these 
two ligands are rather small. The Tetralin units of (R)-H8-BINAP enforce a larger bite angle in rhodium 
complexes (74.4° for [Rh(BINAP)(nbd)][BF4]123 and 80.3° for [Rh((R)-H8-BINAP)(COD)][ClO4]140) and 
make the metal slightly more electron-rich.141 Given the poor results obtained with other electron rich 
 
Figure 31. The change in steric environment from a 
change in dihedral angle.  
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phosphines, it is likely that the difference in bite angle is responsible for the vastly different results using 
these ligands. It has been established that narrowing the dihedral angle, which is proportional to the 
bite angle (Figure 29,  and  , respectively) increases the steric interactions between the substrate 
and the pseudo equatorial phosphine substituent.125 Although crystallographic data for rhodium 
complexes has not been reported, a significant difference in dihedral angle has been reported for 
copper complexes of MeO-BIPHEP and Cl-MeO-BIPHEP.142 The inverse relationship between dihedral 
angle and enantioselectivity the same as what was observed between reaction enantioselectivity and 
the size the allenoate ester group or the size of the substituents on the (R)-H8-BINAP. Furthermore, the 
narrow dihedral angle of most Rh/Segphos complexes is also consistent with the poor 
enantioselectivities obtained when these complexes are because the smaller dihedral angle should 
increase the steric interactions between the metal complex and the substrate. Thus, it seems that 
enantiodifferentiation may rely on more subtle factors than the adoption of a low-energy conformation. 
As mentioned in the optimization of the enantioselectivity, the stereoselectivity of the reaction is 
remarkably insensitive to changes in temperature. When the reaction is conducted over a large range 
of temperatures, (45 to 120 °C) there is no measureable change in enantioselectivity. Eyring analysis 
of this information can reveal the enthalpic and entropic contributions to the Gibbs energy of 
activation.143 In an irreversible reaction, the enantiomeric ratio of the products is determined by the 
relative rates of formation of each enantiomer (k(+)/k(-) = er).144 Analysis of data in Table 6 (11 – 13, and 
14 and 15) in this manner indicates that there is essentially no contribution from the differences in 
enthalpy  for the diastereomeric transition states (Hǂ = Hǂ (+) - Hǂ (-) ≈ 0).[4] This implies that the 
differential entropy of activation (Sǂ ≈ 11.5 J/mol) controls the enantioselectivity. Absent a change in 
mechanism, there is not a reasonable temperature at which the reaction would be highly 
enantioselective. Furthermore, entropy controlled reactions are typically difficult to optimize and 
rationalize changes in enantioselectivity.143 
It is worth noting that the entropy-controlled nature of the enantioselectivity of this cycloaddition 
was also observed in reactions with other substrates, allenoates, and ligands. Because the 
                                                     
[4]I thank Professor Maurice Brookhart for this insightful analysis. 
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enantioselectivity was measured over a much narrower temperature range (80 and 100°C), some 
caution must be used in claiming that under all circumstances the reaction enantioselectivity is 
controlled exclusively by the entropy. However, under no circumstance was a temperature effect on 
enantioselectivity observed, indicating that entropic considerations dominate enantiodifferentiation 
under a variety of conditions. This behavior is not characteristic of other [2+2+2] cycloadditions, which 
typically show an inverse relationship between temperature and enantioselectivity.87 
Coordination of both allenes to the complex precedes 
oxidative coupling. Two possible complexes can arise from 
coordination of two allenes to the rhodium catalyst when a 
C2 symmetric ligand is used. These complexes can be 
simplified into quadrant diagrams (Figure 32) in which opposite corners of a four-coordinate diagram 
are more hindered (shaded grey) than the remaining two due to the protrusion of the pseudo-equatorial 
substituents on phosphorus.123,145,146 The enantiomer of ligand used determines which of the two 
quadrants are hindered and which two are accessible. An allene should coordinate to the RhI complex 
in a manner to maximize bonding interactions. Thus, the direction of Rh-allene bonds will be parallel to 
the system of the allene. Therefore, two different complexes are possible for a given enantiomer of 
ligand. However, in this cycloaddition, each of these complexes requires the occupation of a hindered 
quadrant.  
As oxidative coupling occurs, rehybridization of the allene’s carbon atoms 
ensues. The formation of the tetrahedral centers requires that the ester of the 
allenoate and the remainder of the substrate rotate. Theoretically, the rotation 
can occur in either directly, but the mass of the metal-ligand complex should 
dictate disrotatory rotation away from the metal in direction indicated by the blue arrows. This 
hypothesis predicts the formation of a cis relationship between the two distal stereocenters of the 
product, which is consistent with experimental observations. Notably, this model also is consistent with 
the inability of 1,1-disubstituted allenes to undergo the cycloaddition. It is expected that an additional 
substituent (Figure 33, R1 or R2) would both destabilize the complex in which two allenes are 
coordinated to the metal and slow oxidative coupling from this step. 
 
Figure 32. Quadrant diagrams.  
 
Figure 33. Model used to 
explain poor performance of 
1,1-disubstituted allenes.  
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Because it is not known which step of the mechanism determines the rate, it is not possible to 
establish which step ultimately controls the enantioselectivity. It is possible that a step that occurs after 
oxidative coupling actually dictates the rate at which each of the possible complexes shown in Figure 
32 proceeds to product (Curtin-Hammett). In this scenario, the subsequent step that controls the 
enantioselectivity would still do so because of differential entropy of activation.  
The final aspect of the reaction to 
consider is the diastereoselectivity of the 
alkene insertion. When (E)-alkene substrates 
are used, the reaction proceeds with high 
stereoselectivity. However, when (Z)-alkenes 
are used poor stereoselectivity is observed 
(Figure 34). Cycloadducts 40 and 41 are 
formed with essentially the same 
enantioselectivity, which suggests that they 
are formed via a common intermediate. 
However, they are formed with lower levels of 
enantioenrichment than cycloadduct 6. In all 
cases, the configuration of the vinyl 
substituents is retained in the product. These 
data indicate that the olefin insertion is 
stereospecific. Presumably, when (E)-alkenes are used only one insertion is geometrically feasible, 
whereas two are possible when (Z)-alkenes are used. Simplified representations of this are shown in 
Figure 34 (the ligands are omitted for clarity). Although these models rationalize the observed 
diastereoselectivity, they do not adequately explain the absence of other possible diastereomers. 
It should be noted that the allyl ligands contained after 
the initial oxidative coupling have to this point been treated 
as static ligands. Recent computational work has shown 
bis-allyl rhodacycopentanes derived from 1,2-butadiene and a cationic Rh/dppe complex exist primarily 
 
Figure 34. Rationale for formation of the observed diastereomers.  
 
Figure 35. Lowest energy conformation after 
oxidative coupling of 1,2-butadiene. 
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in a mixed bisallyl conformation.139 While these calculations are helpful in suggesting that allene-
allene coupling is a viable first reaction step, numerous transition states of similar energy were located 
for the oxidative coupling step (Gǂ ca 5 kcal/mol). Furthermore, the calculations were performed for 
alkyl substituted allenes; it is not clear how the calculated transition state energies would change for 
the allenoates typically used in this work. Despite these limitations, the calculations suggest the 
dynamic nature of the bisallyl rhodacyclopentane intermediates may, in part, contribute to the 
enantioselectivity of this reaction. 
In summary, a mechanism involving initial oxidative coupling of the two allenes is proposed. This 
mechanism based on literature precedent, a large effect on the identity of the allene on 
enantioselectivity, and the unexpected formation of a product that presumably arises from allene-allene 
oxidative coupling. Although the mode of enantioinduction is not well-understood, the lack of a 
temperature effect is indicative of an entropy-controlled enantioselectivity.  
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Figure 36. All possible products from the [2+2+2] cycloaddition of 1 and ethyl allenoate. 
 
 
 
Appendix I – Structural Isomers of Cycloadducts 
From the reaction of ene-allene 1 and ethyl allenoate 5 forty isomeric products can be obtained. 
The structure of these products is shown below. The structures of these products ignore enantiomers 
and E/Z isomers.  
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Figure 37. The structures of the ligands mentioned in this work. 
 
 
 
Appendix II – Ligand Structures 
The structures of all ligands mentioned in this work are shown below.  
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Appendix III – Experimental Procedures and Data 
A. General Methods 
All reagents and materials were purchased from Sigma-Aldrich, Fisher Scientific, Strem, or VWR and 
used as received. Solvents were dried using literature procedures.147,148 Solvents used for [2+2+2] 
cycloadditions were also degassed via three freeze-pump-thaw cycles or by sparging with argon. 
Reactions were primarily monitored by TLC using plates obtained from SiliCycle. Visualization was 
accomplished with short wave UV light (254 nm), aqueous basic potassium permanganate solution, or 
ethanolic acidic p-anisaldehyde solution followed by heating. Flash chromatography was performed 
using SiliaFlash P60 silica gel (40-63 μm) or SiliaFlash T60 silica gel (5-20 μm) purchased from 
Silicycle. Infrared (IR) spectra were obtained using a Jasco 260 Plus Fourier transform infrared 
spectrometer. HPLC spectra were obtained using an Agilent 1200 series HPLC with detection at 210, 
230, 250 and 254 nm using a Chiralpak IA & IB column using a flow rate of 1 mL per minute. The 
solvent system used for HPLC resolution of enantiomers was hexanes (A1) and isopropanol (B2) unless 
stated otherwise. 1H, 13C, 19F, and 31P magnetic resonance spectra were recorded on a Bruker 300, 
400, 500 or 600 MHz spectrometer, as indicated. Multiplicity data are reported as follows: chemical 
shift, multiplicity (s = singlet,= doublet, t = triplet, q = quartet, dd = doublet of doublets, td = triplet of 
doublets, qd = quartet of doublets, m = multiplet), coupling constants (Hz), and integration. Mass 
spectra were obtained using a Micromass Quattro II (triple quad) instrument with nanoelectrospray 
ionization. 
B. Preparation of Added Allenes 
Most of the added allenes used in this work are known compounds and were prepared according 
to established literature procedures. 
Allenoates are prepared via Wittig reaction of the corresponding phosphonoacetate on the 
necessary ketene (generated in situ). The following allenoates were prepared via this method149 and 
spectral data was compared to that previously reported: 5,150 14,151 15,152 16,151 53,153 54,154 56,155 
58,156 60,157 62,158 64,159 and 66.160 Phenyl allene 3, 1,2-nonadiene 7, sulfonamide-protected allene 11 
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were prepared via the Crabbe reaction161 of phenyl acetylene,162 1-octyne,151 and the corresponding 
protected propargylic amine,163 respectively. Allenyl malonate 8 was prepared as previously 
described.114,164 Cyclohexylallene 13 was prepared via hydrogenolysis of the tertiary propargylic 
carbonate.165 Acetylallene 17 was produced via the dehydration of acetylacetone.166 Allenenone 18 
was prepared via the addition of an organoindium compound to an aldehyde, oxidation of the 
subsequent alcohol, and isomerization of the homopropargylic alcohol to the corresponding allene.167 
Allene 19 was prepared via the dehydration of diethyl 2,3-pentadeinoate.168 Methylbenzoate allene 66 
was prepared via the Crabbe reaction of the corresponding aryl acetylene; the structure was confirmed 
via comparison with previously reported NMR spectra.169 
Compound 9: Allenyl methyl diethyl malonate (diethyl 2-
(buta-2,3-dien-1-yl)-2-methylmalonate) was prepared by the 
Crabbe reaction161 of diethyl 2-methyl-2-(prop-2-yn-1-
yl)malonate.170 To a flask containing paraformaldehyde (3.61 g, 120 mmol, 2.5 eq), cuprous bromide 
(3.44 g, 24.0 mmol, 0.5 eq) was added 1,4-dioxane (72 mL), freshly distilled diisopropylamine (13.5 
mL, 96.1 mmol, 2 eq), and the alkyne (10.2 g, 48.1 mmol, 1 eq). The resulting suspension was heated 
to reflux overnight. The following morning TLC showed complete conversion of starting material. The 
reaction was cooled to room temperature and concentrated. The resulting slurry was filtered through 
two plugs of silica gel (20% EtOAc in Hexanes) and purified further by short path distillation to yield 
1.70 g (15.6%) of 9 as a clear colorless oil. 1H NMR (400 MHz, CHLOROFORM-d)ppm 4.98 (tt, J = 
8.0, 6.8 Hz, 1 H), 4.63 (dt, J = 6.4, 2.4 Hz, 2 H), 4.15 (q, J = 7.2 Hz, 4 H), 2.55 (dt, J = 8.0, 2.4 Hz, 2 
H), 1.40 (s, 3 H), 1.23 (t, 7.2 Hz, 6 H) 
Compound 12: Allenyl ether ((3-(propa-1,2-
dien-1-yloxy)propyl)benzene) 12 was prepared 
via the base promoted rearrangement of the corresponding propargylic ether.171,172 To a suspension of 
NaH (60% dispersion in mineral oil, 1.6 g, 40 mmol, 1.1 eq) in THF (50 mL) at 0 °C was slowly added 
a solution of hydrocinnamyl alcohol (4.8 mL, 36 mmol, 1 eq). This was warmed to room temperature, 
re-cooled to °C, and was added a solution of propargyl bromide (80% in toluene, 8.1 mL, 44 mmol, 1.2 
eq). The reaction was then stirred 6 h at RT at which time TLC showed complete consumption of the 
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alcohol. The reaction was quenched via the addition 0.1 N HCl and extracted three times with EtOAc. 
The combined extracts were washed with water and brine and dried with MgSO4. The resultant solution 
was concentrated to yield a brown oil, which was filtered through a small plug of silica gel, eluting with 
15% EtOAc in Hexanes. A pale red oil was obtained (6.67 g) after removal of solvents. This oil was 
added to a solution of tBuOK (1.4 g, 12 mmol, 0.33 eq) in THF (55 mL). The resulting black solution 
was stirred 2 h at RT, at which time TLC showed complete conversion. The reaction was quenched via 
the addition of brine and Et2O. The resulting slurry was filtered through cotton and the aqueous layer 
was rendered acidic via the addition of 1N HCl. The aqueous layer was extracted three additional times 
with ether. The combined aqueous extracts were washed three times with water and once with brine. 
The solution was dried with MgSO4, filtered, and concentrated. The resulting brown oil was purified by 
column chromatography (3% to 4% to 5% EtOAc in Hexanes) and then by Kugelrohr distillation (2 torr, 
100 °C) to give 4.2 g (65%) of 12 as a clear colorless oil. 1H NMR (300 MHz, CHLOROFORM-d)ppm 
7.33 – 7.19 (m, 5 H), 6.76 (t, J = 6.0 Hz, 1 H), 5.43 3.59 (t, J = 6.3 Hz, 2 H), 2.72 (d, J = 7.2 Hz, 2 H), 
1.99 (m, 2 H). 
C. Preparation of Ene-Allene Substrates 
Compound 1: To sodium hydride (60% dispersion in 
mineral oil, 477 mg, 11.9 mmol, 1.1 eq) was added THF 
(55 mL). To this suspension was but-3,4-dienylmalonate114,164 (2.35 g, 10.8 mmol, 1.0 equiv) slowly 
added. The mixture was heated to 60 °C for 10 minutes and then cooled to room temperature. To this 
was added methyl 4-bromocrotonate (85% commercial solution, 2.34 g, 13.0 mmol, 1.2 eq) and the 
solution was heated at 60 °C overnight. The next morning TLC showed complete consumption of 
starting material, at which time the reaction was cooled to room temperature and poured into saturated 
aqueous ammonium chloride. The solution was extracted with ethyl acetate three times. The combined 
organic extracts were washed with water and brine and concentrated to give a yellow oil. The oil was 
purified by flash chromatography (12% EtOAc in hexanes) to give 2.20 g of 1 as a clear colorless oil 
(66%). 1H NMR (500 MHz, CHLOROFORM-d) ppm 6.87 - 6.73 (m, 1 H), 5.88 (dt, J = 15.5, 1.55 Hz, 
1 H), 5.00 - 4.88 (m, 1 H), 4.73 - 4.64 (m, 2 H), 4.20 (q, J = 7.1 Hz, 4 H), 3.72 (s, 3 H), 2.82 (dd, J =7.8, 
1.4 Hz, 2 H), 2.61 (dt, J = 8.0, 2.5 Hz, 2 H), 1.25 (t, J = 7.1 Hz, 6 H) 13C NMR (126 MHz, CHLOROFORM-
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d) ppm 210.4 (s), 170.2 (s), 166.5 (s), 143.0 (s), 125.0 (s), 84.1 (s), 75.2 (s), 61.8 (s), 57.5 (s), 51.8 
(s), 35.4 (s), 32.4 (s), 14.3 (s) IR (Thin film, cm-1) 2983, 1956, 1730, 1659, 1437, 1389, 1367, 1340, 
1275, 1243, 1193, 1096, 1075, 1038, 1018, 983, 925, 856, 721, 558 LRMS (ESI) Calculated for 
C16H22O6Na+: 333.13, Found: 333.09.  
Compound 1-OMe was prepared in the same manner 
as 1 in 56% yield. 1H NMR (300 MHz, CHLOROFORM-d) 
ppm 6.79 (dt, J = 15.3, 7.8 Hz, 1H), 5.88 (d, J = 15.3 Hz, 1H), 4.98 (tt, J = 7.2 , 6.6 Hz, 1 H), 4.71 (dt, 
J = 6.6, 2.4 Hz, 2H), 3.75 (s, 6H) 3.73 (s, 3H), 2.82 (d, J = 7.8 Hz, 2H) 2.61 (dt, J = 7.8, 2.4 Hz, 2H) 
 Compound 22: To a 
suspension of sodium hydride 
(60% dispesion in mineral oil, 308 mg, 7.7 mmol, 1.1 eq) in DMF (2 mL) was added a solution of 
bis(phenylsulfonyl)methane (2.1 g, 7.0 mmol, 1.0 eq). After stirring 10 minutes the reaction was warmed 
to 70 °C until a clear, yellow solution was obtained. This was then cooled to room temperature, at which 
point allenyl bromide114 (7.5 mmol, 1.06 eq) was added. After complete consumption of starting material 
(TLC, 1 hr) the reaction was poured into saturated aqueous ammonium chloride and extracted with 
DCM thrice. The combined extracts were carefully washed thrice with 0.1N HCl, thrice with H2O, and 
brine. The aqueous layer was dried with MgSO4 and concentrated. The resulting brown solid was 
purified via column chromatography (30% DCM, 10% Et2O in Hexanes) to give 1.71 g (70%) of (penta-
3,4-diene-1,1-diyldisulfonyl)dibenzene, a tan solid. 1H NMR (600 MHz, CHLOROFORM-d)ppm 8.00 
(dd, J = 8.7, 1.1 Hz, 4 H), 7.74 (t, J = 7.5 Hz, 2 H), 7.62 (t, J = 7.9 Hz, 4 H), 5.21 (quin, J = 6.6 Hz, 1 
H), 4.74 - 4.78 (m, 2 H), 4.61 (t, J = 5.8 Hz, 1 H), 2.92 (tt, J = 6.1, 3.3 Hz, 2 H) 13C NMR (151 MHz, 
CHLOROFORM-d)ppm 208.5 (s), 138.0 (s), 134.7 (s), 129.7 (s), 129.1 (s), 86.3 (s), 82.8 (s), 77.9 
(s), 24.8 (s) IR (Thin film, cm-1) 3065, 2918, 2360, 1957, 1583, 1478, 1448, 1329, 1155, 1078, 1024, 
999, 856, 732, 687, 610, 553, 533 LRMS (ESI) Calcd. for C17H16O4S2Na+: 371.04, Found: 371.05. The 
alkylation of (penta-3,4-diene-1,1-diyldisulfonyl)dibenzene was performed in the same manner as was 
done to prepare 1, except the reaction was performed in DMF. Column chromatography was performed 
in 30% DCM and 10% EtOAc in Hexanes to afford 22, as a pale tan solid in 51% yield. 1H NMR (600 
MHz, CHLOROFORM-d)ppm 8.10 - 8.05 (m, 4 H), 7.76 (t, J = 7.34 Hz, 2 H), 7.63 (t, J = 7.9 Hz, 4 
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H), 7.08 (dt, J = 15.6, 6.87 Hz, 2 H), 5.93 (d, J = 15.8 Hz, 2 H), 5.36 (quin, J = 7.1 Hz, 1 H), 4.79 (dt, J 
= 6.7, 2.7 Hz, 2 H), 3.77 (s, 3 H), 3.20 (dd, J = 7.0, 1.69 Hz, 2 H), 3.06 (dt, J = 7.5, 2.64 Hz, 2H) 13C 
NMR (151 MHz, CHLOROFORM-d)ppm 210.6 (s), 165.9 (s), 140.2 (s), 136.3 (s), 135.0 (s), 131.5 
(s), 128.8 (s), 125.4 (s), 89.6 (s), 82.9 (s), 76.2 (s), 51.7 (s), 32.1 (s), 29.6 (s) IR (Thin film, cm-1) 3067, 
2951, 1955, 1722, 1655, 1582, 1447, 1330, 1311, 1279, 1175, 1146, 1078, 1023, 999, 913, 852, 735, 
687, 602, 581 LRMS (ESI) Calcd. for C22H22O6S2Na+: 469.08, Found:469.08 
Compound 24: To sodium hydride (60% 
dispersion in mineral oil, 82 mg, 2.1 mmol, 1.1 
equiv.) was added THF (1.4 mL) and diethyl 2-(2-
(1,3-dioxolan-2-yl)ethyl)malonate173 (1.9 mmol, 1.0 equiv) over 2 minutes. This was allowed to stir at 
room temperature until a clear solution was obtained. To the resulting solution was added allenyl 
bromide (270 mg, 2.1 mmol, 1.1 equiv.). After stirring 5 minutes at room temperature, the flask was 
submerged into an oil bath preheated to 50 °C. TLC showed complete conversion after 75 minutes, at 
which time it was poured into aqueous 0.1N HCl and extracted thrice with EtOAc. The combined organic 
extracts were washed with water and brine and dried with MgSO4. Removal of solvents gave a clear 
colorless oil. This was dissolved in acetic acid (7.9 mL) and water (1.9 mL) and the mixture was heated 
to 95 °C. TLC showed complete consumption of starting material after 8 h, at which time it was 
cautiously poured into saturated aqueous sodium bicarbonate. The aqueous solution was extracted 3 
times with EtOAc and the combined organics were washed with aqueous sodium bicarbonate and brine. 
Removal of solvents gave 500 mg of clear colorless oil. Flash chromatography (20% ethyl acetate in 
hexanes) gave 333 mg of diethyl 2-(3-oxopropyl)malonate as a clear colorless oil (70% over both 
steps). 1H NMR (500 MHz, CHLOROFORM-d)ppm 9.77 (t, J = 1.4 Hz, 1 H), 5.01 - 4.95 (m, 1 H), 
4.70 (dt, J = 6.6, 2.41 Hz, 2 H), 4.20 (q, J = 7.2 Hz, 4 H), 2.63 (dt, J = 8.0, 2.5 Hz, 2 H), 2.54 - 2.48 (m, 
2 H), 2.29 - 2.24 (m, 2 H), 1.28 (t, J = 7.2 Hz, 6 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 
210.02 (s), 200.83 (s), 170.63 (s), 84.05 (s), 74.90 (s), 61.54 (s), 56.71 (s), 39.11 (s), 32.79 (s), 24.71 
(s), 14.07 (s) IR (Thin film, cm-1) 2983, 1956, 1730, 1447, 1369, 1195, 1095, 1022, 860, 520, 510 
LRMS (ESI) Calculated for C13H18O5+H: 269.14, Found: 269.07. To a solution of 1-Phenyl-2-
(triphenylphosphoranylidene)ethan-1-one (520 mg, 1.37 mmol, 1.05 eq) in DCM (2.6 mL) was added 
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diethyl 2-(3-oxopropyl)malonate (350 mg, 1.30 mmol, 1 eq). This solution was heated to reflux 
overnight. The next morning NMR showed the absence of aldehyde protons, at which time the reaction 
was absorbed onto silica gel and purified by column chromatography (10% to 15% to 20% EtOAc in 
Hexanes) to yield 277 mg of a white solid (58%). 1H NMR (500 MHz, CHLOROFORM-d)ppm 7.93 
(d, J = 8.5 Hz, 2 H), 7.55 (t, J = 9.0 Hz, 1 H), 7.48 (t, J = 9.5 Hz, 2 H), 7.08 – 6.99 (m, 1 H), 6.90 (d, J 
= 19.5 Hz, 1 H), 5.01 – 4.94 (m, 1 H), 4.71 (dt, J = 6.6 Hz, 2.4, 2 H), 4.23 (q, J = 6.8 Hz, 4 H), 2.69 (dt, 
J = 8.0, 2.5 Hz, 2 H), 2.33 - 2.27 (m, 2 H), 2.19 - 2.15 (m, 2 H), 1.29 (t, J = 7.1 Hz, 6 H) 13C NMR (126 
MHz, CHLOROFORM-d)ppm 210.2 (s), 190.9 (s), 171.0 (s), 148.3 (s), 138.0 (s), 133.0 (s), 128.8 
(s), 128.8 (s), 126.4 (s), 84.3 (s), 75.q (s), 61.7 (s), 57.4 (s), 32.3 (s), 30.7 (s), 27.7 (s), 14.3 (s) IR (Thin 
film, cm-1) 3059, 2982, 2938, 2361, 1956, 1730, 1671, 1621, 1597, 1578, 1447, 1367, 1267, 1195, 
1097, 1021, 855, 736, 696, 554 LRMS (ESI) Calcd. for C22H26O5Na+: 393.17, Found: 393.13 
Compound 26: To a solution of DMSO (520 mg, 6.7 mmol, 
3.0 eq) in DCM (5 mL) at -78 °C, oxalyl chloride (290 L, 3.30 
mmol, 1.5 eq) was added. After stirring for 15 minutes hepta-
5,6-dien-1-ol174 (250 mg, 2.23 mmol, 1 eq) was added and stirred an additional 30 minutes. Freshly 
distilled triethylamine (2.20 mL, 15.6 mmol, 7.0 eq) was added and the reaction was allowed to 
gradually warm to room temperature. Upon reaching room temperature TLC showed complete 
consumption and the reaction was quenched via the addition of water. The reaction was concentrated 
with a small amount of DCM, washed with 0.1N HCl twice, with water once, and with brine. The solution 
was dried with MgSO4 and used directly in the next reaction. The aldehyde was volatile enough to 
prohibit removal of solvents and characterization. The solution of aldehyde (assumed to be 2.23 mmol, 
1 eq) was added to a flask containing ethyl (triphenylphosphoranylidene)acetate (900 mg, 2.56 mmol, 
1.15 eq) and the solution was heated to 35 °C overnight. The next day the reaction was complete (TLC) 
and was absorbed onto silica gel. Column chromatography was used to remove the (Z) isomer and 
afforded 286 mg (71%) of a clear colorless oil. 1H NMR (400 MHz, CHLOROFORM-d)ppm 6.99 (dt, 
J = 15.6, 7.2 Hz, 1 H), 5.83 (dt, J = 15.6, 1.6 Hz, 1 H), 5.10 (tt, J = 6.8, 6.4 Hz, 1 H), 4.68 (dt, J = 6.4, 
3.2 Hz, 2 H), 4.19 (q, J = 7.2 Hz, 2 H), 2.26 (qd, J = 7.6, 2.0 Hz 1 H), 2.07 – 2.01 (m, 2 H), 1.60 (tt, J = 
7.6, 7.2 Hz 2 H), 1.30 (t, J = 7.2 Hz, 3 H).  
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Compound 27: To a suspension of sodium 
hydride (60% dispersion in mineral oil, 2.4 g, 60 
mmol, 1.1 eq) in THF (57 mL) was added 2,3-
butadiene-1-ol (4.0 g, 57 mmol, 1.0 eq). After cessation of gas evolution HMPA (5.7 mL) and bromo-
acetaldehydediethylacetal (10.5 mL, 68 mmol, 1.2 eq) was added. The reaction was heated to reflux 
overnight. The next day periodic 1H NMR analysis showed that the reaction had stalled, and so the 
reaction was cooled to room temperature and poured into saturated aqueous ammonium chloride. The 
resulting biphasic mixture was extracted three times with Et2O and the combined aqueous extracts 
were washed thrice with water and once with brine. The solution was dried with MgSO4 and carefully 
concentrated. The resulting oil was purified via column chromatography (10% Et2O in pentane) to yield 
4.5 g (42%). To a heterogeneous mixture of water, chloroform, and trifluoroacetic acid (1:3:3, total 
volume 16 mL) at 0 °C was added the acetal (1.00 g, 5.37 mmol). This was stirred 35 minutes, at which 
time TLC indicated the starting material was completely consumed. The reaction was carefully 
quenched via the addition of aqueous sodium bicarbonate. The organic layer was drawn off, washed 
with water, brine, and dried with MgSO4. Because of the volatility of the aldehyde, the solution was 
used directly in the next reaction. The chloroform solution (ca. 7 mL) of the aldehyde was added to a 
flask containing ethyl (triphenylphosphoranylidene)acetate (2.24 g, 6.44 mmol, 1.2 eq). The resulting 
solution was stirred overnight at 35 °C. An NMR indicated complete conversion; however, there was 
approximately a 2:1 mixture of the E and Z alkene isomers. The reaction was absorbed onto silica gel 
and purified twice by column chromatography (5% to 10% Et2O in pentane) to give 156 mg (16%) of a 
volatile liquid. 1H NMR (300 MHz, CHLOROFORM-d)ppm 6.96 (td, J = 15.8, 4.4 Hz, 1 H), 6.12 - 6.04 
(m, 1 H), 5.24 (quin, J = 6.7 Hz, 1 H), 4.81 (dt, J = 7.7, 2.4 Hz, 2 H), 4.24 - 4.13 (m, 4 H), 4.06 (td, J = 
6.7, 2.4 Hz, 2 H), 1.29 (t, J = 7.1 Hz, 3 H) 
Compound 28: To a suspension of sodium hydride (60% 
dispersion in mineral oil, 81 mg, 2.0 mmol, 1.2 equiv) in DMF 
(10 mL) was added a solution of N-(buta-2,3-dien-1-yl)-4-
toluenesulfonamide163 (370 mg, 1.7 mmol, 1 eq) in DMF (7 mL) drop-wise. After stirring 10 minutes at 
room temperature, methyl 4-bromocrotonate (85% commercial solution, 445 mg, 2.0mmol, 1.2 eq) was 
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added. This was allowed to stir for three hours, at which time TLC indicated complete conversion. The 
reaction was diluted with ethyl acetate, washed with water four times and once with brine. The solution 
was then dried with MgSO4 and concentrated to give an orange oil, which solidifies upon cooling or 
standing. The material was purified by column chromatography (30% DCM, 10% EtOAc in Hexanes) 
to give 303 mg (57%) of a white solid. 1H NMR (600 MHz, CHLOROFORM-d)ppm 7.73 (d, J = 7.5 
Hz, 2 H), 7.34 (d, J = 7.9 Hz, 2 H), 6.79 (dt, J = 15.8, 5.6 Hz, 1 H), 6.00 – 5.94 (m, 1 H), 4.91 (quin, J = 
6.9 Hz, 1 H), 4.75 - 4.70 (m, 2 H), 4.00 (d, J = 5.7 Hz, 2 H), 3.89 - 3.84 (m, 2 H), 3.76 (s, 3 H), 2.46 (s, 
3 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 210.0 (s), 166.4 (s), 143.9 (s), 142.8 (s), 137.1 (s), 
130.0 (s), 127.4 (s), 123.8 (s), 85.6 (s), 76.7 (s), 52.0 (s), 47.6 (s), 46.9 (s), 21.8 (s) IR (Thin film, cm-1) 
3059, 2990, 2952, 2918, 2848, 2360, 2342, 1955, 1724, 1662, 1598, 1495, 1437, 1343,1305, 1268, 
1197, 1161, 1096, 1038, 1018, 980, 930, 895, 853, 816, 802, 738, 704, 657, 548 LRMS (ESI) Calcd. 
for C16H19NO4SNa+: 344.09, Found: 344.07 
Compound 30: A flask 
containing Et2O (2 mL) was cooled 
to -40 °C, to which phosphorus 
tribromide (275 L, 2.90 mmol, 0.40 eq) and a solution of freshly distilled pyridine (290 L, 3.62 mmol, 
0.50 eq) and 3-cyclohexylideneprop-2-en-1-ol (1.00 g, 7.24 mmol, 1.0 eq) was slowly added. The 
reaction was allowed to warm to room temperature. After stirring 2 h, TLC shows complete consumption 
of the starting material. The reaction was diluted with Et2O, washed twice with water, once with brine, 
and dried with MgSO4. The solution was concentrated and the resulting oil was filtered through a short 
silica plug (10% EtOAc in Hexanes) to afford 333 mg (23%). Meanwhile, THF (5 mL) was added to a 
flask containing sodium hydride (60% dispersion in mineral oil, 58 mg, 1.45 mmol, 1.02 eq). To this 
suspension triethyl methanetricarboxylate (330 mg, 1.42 mmol, 1.0 eq) was added. After stirring 10 
minutes, the bromide was added. The reaction was stirred at 60 °C for 2 h, at which time TLC showed 
that no starting material remained. The reaction was cooled to room temperature, diluted with EtOAc, 
washed once with saturated ammonium chloride, twice with water, and once with brine. The solution 
was dried with MgSO4 and concentrated. A solution of sodium ethoxide was prepared by addition of 
ethanol (100 L, 1.70 mmol, 1.2 eq) to a suspension of sodium hydride (60% dispersion in mineral oil, 
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63 mg, 1.56 mmol, 1.1 eq) in THF (3.5 mL). To the ethereal solution, the tricarboxylate is added. After 
stirring at room temperature for 3 h TLC showed complete consumption of the starting material. The 
reaction was diluted with Et2O and washed once with saturated aqueous ammonium chloride, twice 
with water, and once with brine. The solution was dried with MgSO4 and concentrated to yield 250 mg 
(63%) of a clear, yellow oil that was used without purification in the next step. The malonate was 
alkylated using the same procedure to prepare 1. After column chromatography (5% to 10% EtOAc in 
Hexanes) 75 mg (59%) of a clear colorless was obtained. 1H NMR (400 MHz, CHLOROFORM-d)ppm 
6.82 (dt, J = 15.6, 7.6 Hz, 1 H), 5.88 (d, J = 15.6 Hz, 1 H), 4.76 (m, 1 H), 4.20 (m, 4 H), 3.72 (s, 3H), 
2.84 (d, J = 7.6 Hz), 2.58 (d, J = 7.2 Hz), 2.10 – 2.06 (m, 4 H), 1.59 – 1.48 (m, 6 H), 1.26 (t, 7.2 Hz, 6 
H). 
Compound 31: To a 
solution of ethyl (4-
methylpenta-2,3-dien-1-yl) 
carbonate175 (500 mg, 3.2 mmol, 1 eq) in DCM (30 mL) was added triethylmethanetricarboxylate (750 
L, 3.5 mmol, 1.1 eq), and then a solution of palladium(tetrakis(triphenylphosphine) (92 mg, 0.080 
mmol, 2.5 mol %) and excess triphenylphosphine (84 mg, 0.32 mmol, 10 mol %) in DCM (5 mL). The 
solution was heated to 30 °C overnight. The next morning TLC indicated the complete consumption of 
starting material. The solvents were removed and the resulting yellow residue was re-dissolved in Et2O, 
washed twice with 1N NaOH and once with water and brine. The solution was dried with MgSO4 and 
concentrated. The resulting yellow oil was purified by column chromatography (5% to 10% to 15% 
EtOAc in Hexanes) to afford 630 mg of a pale yellow oil. 1H NMR (400 MHz, CHLOROFORM-d)ppm 
5.15 (m, 1 H), 4.25 (q, J = 7.2 Hz, 6 H), 2.80 (d, J = 7.6 Hz, 2 H), 1.65 (d, J = 2.8 Hz), 1.29 (t, J = 7.2 
Hz, 9 H). A solution of sodium ethoxide was prepared by addition of ethanol (140 L, 2.4 mmol, 1.2 eq) 
to a suspension of sodium hydride (60% dispersion in mineral oil, 89 mg, 2.22 mmol, 1.1 eq) in THF (5 
mL). To the ethereal solution, the tricarboxylate is added. After stirring at room temperature for 2 h TLC 
showed complete consumption of the starting material. The reaction was diluted with Et2O and washed 
once with saturated aqueous ammonium chloride, twice with water, and once with brine. The solution 
was dried with MgSO4 and concentrated to yield 480 mg (91%) of a clear, yellow oil that was used 
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without purification in the next step. The so obtained malonate was alkylated using the same procedure 
to prepare 1. The excess bromo-crotonate co-elutes with the product, thus only 100 mg (16%) of 31 
were obtained after column chromatography (10 to 15% EtOAc in Hexanes). 1H NMR (400 MHz, 
CHLOROFORM-d)ppm 6.82 (dt, J = 15.2, 7.6 Hz, 1 H), 4.76 (m, 1 H), 4.19 (q, J = 7.2 Hz, 4 H), 3.73 
(s, 3 H), 2.83 (d, J = 7.6 Hz, 2 H), 2.57 (d, J = 7.6 Hz, 2 H), 1.66 (d, J = 2 Hz, 6 H), 1.26 (t, J = 7.2 Hz). 
Compound 32: To a round 
bottom flask containing sodium 
hydride (7.46 mmol, 60% dispersion in mineral oil, 1.1 eq), was added THF (5.2 mL). To this suspension 
was added diethyl 2-(2,2-diethoxyethyl)malonate176 (6.78 mmol, 1.0 eq) over two minutes. This was 
allowed to stir at room temperature until a clear solution was obtained. To this was added allenyl 
bromide (7.46 mmol, 1.1 eq). After stirring 5 minutes at room temperature, the flask was submerged 
into an oil bath preheated to 50 °C. After 45 minutes TLC showed complete conversion, at which time 
it was cooled to room temperature poured into aqueous 0.1N HCl. This was extracted thrice with EtOAc 
and the combined organic extracts were washed once with water and brine. Removal of solvents gave 
a clear colorless oil, which was dissolved in chloroform (8.6 mL) and cooled to 0 °C. To this was added 
water (2.9 mL) and trifluoroacetic acid (8.6 mL). This was stirred at 0 °C for 30 minutes, at which time 
it was cautiously poured into saturated aqueous sodium bicarbonate. The aqueous solution was 
extracted 3 times with ethyl acetate and the combined organics were washed with aqueous sodium 
bicarbonate and brine. Removal of solvents gave 1.72 g of diethyl 2-(buta-2,3-dien-1-yl)-2-(2-
oxoethyl)malonate as a clear colorless oil. Flash chromatography (10% ethyl acetate to 20% ethyl 
acetate in hexanes) gave 1.17 g of a clear colorless oil (67% over both steps). This aldehyde is prone 
to autoxidation and should be used within days of preparation. This aldehyde is also used to prepare 
39 and 42. 1H NMR (500 MHz, CHLOROFORM-d)ppm 9.74 (t, J = 1.6 Hz, 1 H), 5.09 - 4.87 (m, 1 H), 
4.69 (dt, J = 6.7, 2.5 Hz, 2 H), 4.23 (q, J = 7.1 Hz, 4 H), 3.01 (d, J = 1.6 Hz, 2 H), 2.73 (dt, J = 8.0, 2.4 
Hz, 2 H), 1.27 (t, J = 7.1 Hz, 6 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 210.5 (s), 199.1 (s), 
170.1 (s), 84.4 (s), 75.3 (s), 62.2 (s), 55.3 (s), 46.3 (s), 33.7 (s), 14.2 (s) IR (Thin film, cm-1) 2984, 2939, 
1956, 1730, 1466, 1446, 1391, 1369, 1253, 1194, 1097, 1018, 860, 735, 701, 551, 503 LRMS (ESI) 
Calculated for C13H18O5Na+: 277.11, Found: 277.08. To a flask containing 
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triphenylphosphoranylidene)acetophenone (825 mg, 2.17 mmol, 1.05 eq.) the aldehyde (525 mg, 1.0 
equiv., 2.06 mmol) were added. This was dissolved in 2 mL of DCM and heated to 45 °C overnight. 
The following morning the reaction mixture was absorbed onto silica gel and subjected to flash 
chromatography (10% to 15% to 20% EtOAc in Hexanes) to give 488 mg of 5 as a yellow solid (67%). 
The product was isolated as a 19:1 mix of (E) and (Z) alkene isomers. 1H NMR (500 MHz, 
CHLOROFORM-d)ppm 7.91 (dd, J = 8.4, 1.5 Hz, 2 H), 7.59 - 7.55 (m, 1 H), 7.50 - 7.45 (m, 2 H), 
6.95 - 6.83 (m, 2 H), 5.03 - 4.95 (m, 1 H), 4.71 (dt, J = 6.7, 2.5 Hz, 2 H), 4.22 (q, J = 7.1 Hz, 4 H), 2.94 
(d, J = 6.6 Hz, 2 H), 2.67 (dt, J = 8.0, 2.5 Hz, 2 H), 1.26 (t, J = 7.2 Hz, 6 H) 13C NMR (126 MHz, 
CHLOROFORM-d)ppm 210.4 (s), 190.5 (s), 170.3 (s), 143.1 (s), 137.8 (s), 133.1 (s), 129.9 (s), 128.8 
(s), 84.3 (s), 75.2 (s), 61.9 (s), 61.7 (s), 57.7 (s), 36.0 (s), 32.6 (s), 14.3 (s) IR (Thin film, cm-1) 3060, 
2982, 2937, 1956, 1730, 1672, 1623, 1597, 1579, 1464, 1447, 1389, 1367, 1348, 1277, 1199, 1096, 
1072, 1044, 1017, 910, 856, 767, 696, 663, 616, 509 LRMS (ESI) Calculated for C21H24O5Na+: 379.15, 
Found: 379.09. 
Compound 35: To a suspension of 
sodium hydride (60% dispersion in mineral 
oil, 104 mg, 2.60 mmol, 1.1 eq) in DMF (20 
mL) was added but-3,4-dienylmalonate114,164 (500 mg, 2.36 mmol, 1 eq), which was stirred at room 
temperature until a clear solution was obtained. To the solution was added methyl (E)-4-(3-bromoprop-
1-en-1-yl)benzoate177 (558 mg, 2.83 mmol, 1.2 eq). After stirring 2.5 h at room temperature TLC 
indicated the complete consumption of starting material, at which time the reaction was poured into 1N 
HCl. This was extracted thrice with EtOAc. The combined extracts were washed twice with dilute 
aqueous lithium chloride (to help remove DMF), twice with water, and once with brine. The solution was 
dried and concentrated to give a yellowish/brown oil, which was purified by column chromatography 
(10% EtOAc in Hexanes) to afford 593 mg (65%) of a white solid. 1H NMR (600 MHz, CHLOROFORM-
d)ppm 7.98 (d, J = 8.3 Hz, 2 H), 7.39 (d, J = 8.3 Hz, 2 H), 6.51 (d, J = 15.8 Hz, 1 H), 6.22 (dt, J = 
15.6, 7.6 Hz, 1 H), 5.02 (dt, J = 7.5, 7.2 Hz, 1 H), 4.74 - 4.70 (m, 2 H), 4.23 (q, J = 7.2 Hz, 5 H), 3.93 
(s, 3 H), 2.88 (d, J = 7.9 Hz, 2 H), 2.71 - 2.66 (m, 2 H), 1.28 (t, J = 7.0 Hz, 6 H) 13C NMR (151 MHz, 
CHLOROFORM-d)ppm 210.2 (s), 170.6 (s), 166.9 (s), 141.5 (s), 133.2 (s), 129.9 (s), 128.8 (s), 127.0 
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(s), 126.1 (s), 84.2 (s), 74.9 (s), 61.5 (s), 57.8 (s), 52.1 (s), 36.3 (s), 32.3 (s), 14.2 (s) IR (Thin film, cm-
1) 2982, 2953, 2848, 1956, 1725, 1607, 1567, 1435, 1412, 1389, 1367, 1281, 1245, 1198, 1110, 1073, 
1037, 1017, 972, 856, 756, 698 LRMS (ESI) Calculated for C22H26O6Na+: 409.16, Found: 419.15 
Compound 37: Using the same 
procedure as that to prepare 35, compound 
37 was prepared in 60% yield using (E)-1-(3-
bromoprop-1-en-1-yl)-4-(trifluoromethyl)benzene177. 1H NMR (600 MHz, CHLOROFORM-d)ppm 
7.56 (d, J = 8.3 Hz, 2 H), 7.43 (d, J = 7.9 Hz, 2 H), 6.50 (d, J = 15.8 Hz, 1 H), 6.20 (dt, J = 15.6, 7.6, 1 
H), 5.10 - 4.93 (m, 1 H), 4.76 - 4.65 (m, 2 H), 4.23 (d, J = 7.2 Hz, 4 H), 4.27 - 4.14 (m, 4 H), 2.88 (d, J 
= 7.9 Hz, 2 H), 2.71 - 2.58 (m, 2 H), 1.28 (t, J = 7.2 Hz, 6 H) 13C NMR (151 MHz, CHLOROFORM-
d)ppm 210.2 (s), 170.5 (s), 140.5 (s), 132.8 (s), 129.8 (s), 129.3 (s), 129.1 (s), 127.0 (s), 126.3 (s), 
125.5 (s), 125.5 (s), 125.5 (s), 125.1 (s), 123.3 (s), 84.2 (s), 74.9 (s), 61.5 (s), 57.8 (s), 36.2 (s), 32.3 
(s), 14.2 (s) IR (Thin film, cm-1) 2983, 2937, 2874, 2849, 1956, 1731, 1615, 1578, 1444, 1414, 1368, 
1325, 1272, 1243, 1200,1166, 1124, 1068, 1037, 1016, 971, 853, 739 LRMS (ESI) Calculated for 
C21H23F3O4Na+: 419.14, Found: 419.12 
Compound 39: To a flask containing dry 18-crown-
6 (1.32 g, 5.00 mmol, 5.0 eq), THF (20 mL), and 
bis(2,2,2-trifluoroethyl) 
(methoxycarbonylmethyl)phosphonate (318 mg, 1.00 mmol, 1 eq) were added. The resulting solution 
was cooled to - 100 °C by submersion into a bath of dry ice in Et2O. To the cooled solution was added 
KHMDS (200 mg, 1.00 mmol, 1 eq, 0.6 M in toluene). After stirring 15 minutes at this temperature, 
diethyl 2-(buta-2,3-dien-1-yl)-2-(2-oxoethyl)malonate (254 mg, 1.00 mmol, 1 eq) was added and the 
mixture was stirred at this temperature. After 1 h TLC analysis showed complete conversion, at which 
time the reaction was poured cold into saturated aqueous ammonium chloride and thrice extracted with 
EtOAc. The combined organic extracts were washed with twice with water and once with brine. The 
solution was dried with MgSO4 and concentrated to give a clear, slightly yellow oil. 1H NMR analysis 
showed the product to be a 2.3:1 mix of (E)/(Z) isomers, which could be partially separated using flash 
chromatography (10% EtOAc in hexanes) to give 81 mg (26%) of the (Z) substrate as a clear colorless 
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oil. The stereochemical assignment was based on the coupling constant of the vinyl protons, 11.7 Hz. 
The (E)-isomer was not detectable by 1H NMR. Other conditions and the Ando olefination178 gave lower 
amounts of the (Z) isomer. 1H NMR (500 MHz, CHLOROFORM-d)ppm 6.22 - 6.15 (dt, J = 11.7, 7.3 
Hz, 1 H), 5.87 (dt, J = 11.7, 2.0 Hz, 1 H), 5.05 - 4.98 (m, 1 H), 4.64 (dt, J = 6.7, 2.5 Hz, 2 H), 4.19 (q, J 
= 7.1 Hz, 9 H), 4.19 (q, J = 7.1 Hz, 4 H), 3.71 (s, 3 H), 3.31 (dd, J = 7.2, 2.0 Hz, 2 H), 2.62 (dt, J = 8.0, 
2.4 Hz, 2 H), 1.25 (t, J = 7.1 Hz, 6 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 210.30 (s), 170.6 
(s), 166.6 (s), 144.1 (s), 122.1 (s), 84.4 (s), 74.8 (s), 61.7 (s), 57.6 (s), 51.4 (s), 33.2 (s), 32.1 (s), 14.3 
(s) IR (Thin film, cm-1) 2983, 2360, 1956, 1731, 1649, 1439, 1412, 1367, 1283, 1207, 1092, 1030, 855, 
823, 557 LRMS (ESI) Calculated for C16H22O6Na+: 333.13, Found: 333.09. 
Compound 42: To a flask containing a solution of 
triphenyl(1-[ethoxycarbonyl]ethylidene)phosphorane179 
(233 mg, 0.632 mmol, 1.01 eq) in DCM (0.65 mL) was 
added diethyl 2-(buta-2,3-dien-1-yl)-2-(2-oxoethyl)malonate (162 mg, 0.643 mmol, 1.0 eq). The 
reaction was stirred at reflux overnight. The following morning TLC indicated complete consumption of 
starting material, at which time the reaction was absorbed onto silica gel and purified by column 
chromatography (15% EtOAc in Hexanes) to afford 177 mg (81%) as a pale yellow oil. 1H NMR (500 
MHz, CHLOROFORM-d)ppm 6.64 (td, J = 7.6, 1.4 Hz, 1 H), 4.97 (tt, J = 8.0, 6.7 Hz, 1 H), 4.69 (dt, 
J = 6.6, 2.5 Hz, 2 H), 4.25 - 4.17 (m, 6 H), 2.84 (dd, J = 7.6, 0.9 Hz, 2 H), 2.65 (dt, J = 8.0, 2.4 Hz, 2 H), 
1.97 - 1.86 (m, 3 H), 1.35 - 1.23 (m, 9 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 210.3 (s), 
170.6 (s), 167.8 (s), 135.2 (s), 131.1 (s), 84.3 (s), 75.1 (s), 61.8 (s), 60.8 (s), 57.5 (s), 32.5 (s), 31.8 (s), 
14.5 (s), 14.3 (s), 12.9 (s) IR (Thin film, cm-1) 2983, 2937, 2347, 1956, 1731, 1651, 1464, 1445, 1389, 
1367, 1260, 1203, 1142, 1094, 1052, 1021, 857, 783, 740, 558 LRMS (ESI) Calculated for 
C18H26O6Na+: 361.16, Found: 361.12 
Compound 44: To a suspension of sodium 
hydride (60% dispersion in mineral oil, 222 mg, 5.55 
mmol, 1.1 eq) in THF (24 mL) was added but-3,4-dienylmalonate (1.02 g, 5.05 mmol, 1.0 eq). The 
slurry was heated to 60 °C until a clear solution was obtained (10 minutes) and then cooled to room 
temperature. To this solution was added ethyl 2-(bromomethyl) acrylate180 (1.26 g, 6.06 mmol, 1.2 eq) 
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and the solution was heated at 60 °C for 1hr, at which time TLC showed complete consumption of 
starting material. The reaction was cooled to room temperature and poured into saturated aqueous 
ammonium chloride. The solution was extracted with ethyl acetate 3 times. The combined organic 
extracts were washed with water and brine and concentrated to give a yellow oil. The oil was subjected 
to column chromatography (10% EtOAc in hexanes) to give 1.2 g (73%) of a cloudy, slightly yellow oil, 
which crystallized on standing. 1H NMR (500 MHz, CHLOROFORM-d)ppm 6.30 (d, J = 1.4 Hz, 1 H), 
5.69 (d, J = 1.1 Hz, 1 H), 5.10 - 5.04 (m, 1 H), 4.68 (dt, J = 6.6, 2.5 Hz, 2 H), 4.25 - 4.12 (m, 6 H), 3.04 
- 2.83 (m, 2 H), 2.59 (dt, J = 7.8, 2.5 Hz, 2 H), 1.33 - 1.14 (m, 9 H) 13C NMR (126 MHz, CHLOROFORM-
d)ppm 210.1 (s), 170.5 (s), 166.9 (s), 136.1 (s), 129.1 (s), 84.5 (s), 74.6 (s), 61.3 (s), 60.9 (s), 57.8 
(s), 33.3 (s), 31.9 (s), 14.2 (s), 14.0 (s) IR (Thin film, cm-1) 2983, 2938, 1956, 1730, 1627, 1465, 1444, 
1390, 1368, 1337, 1283, 1245, 1211, 1187, 1155, 1096, 1077, 1052, 1024, 957, 855, 820, 736, 701, 
601, 557 LRMS (ESI) Calculated for C17H24O6Na+: 347.15, Found: 347.11. 
Compound 46: To a suspension of sodium hydride (60% 
dispersion in mineral oil, 210 mg, 5.71 mmol, 1.1 eq) in THF 
(30 mL) was added methallyl diethylmalonate181 (1.11 g, 5.19 mmol, 1 eq). This was stirred 30 minutes 
at room temperature, at which time buta-2,3-dien-1-yl methanesulfonate (1.00 g, 6.75 mmol, 1.3 eq) 
was added as a solution in THF (5 mL). This was allowed to stir overnight at room temperature. The 
following morning TLC indicated complete consumption of the starting material, at which time the 
reaction was diluted with Et2O, washed with 0.1 N HCl, twice with water, and once with brine. The 
resulting solution was dried with MgSO4, and concentrated. The yellow oil was purified by column 
chromatography (9% EtOAc in Hexanes) to 700 mg (50.7%) of a clear, slightly yellow oil. 1H NMR (600 
MHz, CHLOROFORM-d)ppm 5.04 - 4.94 (m, 1 H), 4.90 (s, 1 H), 4.79 (s, 1 H), 4.71 - 4.65 (m, 2 H), 
4.27 - 4.15 (m, 4 H), 2.76 (s, 2 H), 2.67 (d, J = 7.8 Hz, 2 H), 1.69 (s, 3 H), 1.28 (t, J = 7.15 Hz, 6 H) 13C 
NMR (151 MHz, CHLOROFORM-d)ppm 210.1 (s), 171.1 (s), 140.5 (s), 115.9 (s), 84.6 (s), 74.6 (s), 
61.3 (s), 57.3 (s), 39.9 (s), 31.7 (s), 23.3 (s), 14.1 (s) IR (Thin film, cm-1) 2978, 2910,1950, 1731, 1521, 
1453, 1202 LRMS (ESI) Calculated for C15H22O4Na+: 289.14, Found: 289.16 
Compound 48: To a suspension of sodium hydride 
(60% dispersion in mineral oil, 120 mg, 2.99 mmol, 1.2 eq)  
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in THF (15 mL) was slowly added allyl diethylmalonate. This was stirred at room temperature until the 
cessation of gas evolution, at which time allenyl bromide was added. The solution was then heated to 
50 °C. After 30 minutes, TLC showed complete consumption of starting material. The reaction was 
cooled to room temperature, quenched with saturated aqueous ammonium chloride, and extracted 
thrice with Et2O. The combined aqueous extracts were thrice washed with water and once with brine, 
dried with MgSO4, and concentrated. The pale yellow oil was subjected to column chromatography 
(10% EtOAc in Hexanes) to yield 520 mg (83%) of a clear colorless oil. 1H NMR (400 MHz, 
CHLOROFORM-d)ppm 5.71 - 5.61 (m, 1 H), 5.16 - 5.08 (m, 2 H), 5.00 - 4.92 (m, 1 H), 4.70 - 4.64 
(m, 2 H), 4.19 (dq, J = 7.1, 1.0 Hz 4 H), 2.69 (d, J = 7.2 Hz, 2 H), 2.61 (d, J = 7.2 Hz, 2 H), 1.26 (t, J = 
7.2 Hz, 6 H) 
Compound 49: To a flask containing magnesium 
turnings (92 mg, 3.78 mmol, 1.05 eq, washed with 0.1 N 
HCl and dried prior to use) was added THF (7 mL) and 5-
trimethylsilyl-4-pentynyl-1-bromide (790 mg, 3.60 mmol, 1 eq). This was heated to reflux until nearly all 
of the magnesium turnings were consumed (3 h), at which point the reaction was cooled to room 
temperature, and then to 0 °C. To this, a solution of 3-ethoxy-cyclohex-2-en-1-one (555 mg, 3.96 mmol, 
1.1 eq) in THF (4 mL) was added. The reaction was then stirred 3 h at room temperature, followed by 
40 °C overnight. The following morning the presence of quenched Grignard reagent could no longer be 
detected by TLC. The reaction was cooled to room temperature, then quenched via the addition of 9 
mL of 15% aqueous acetic acid. The resultant solution was allowed to stir 10 h at room temperature, 
which was then was extracted four times with DCM. The combined organic extracts were washed thrice 
with water, once with saturated aqueous sodium bicarbonate, and once with brine. The solution was 
dried with MgSO4 and concentrated. The resulting oil was purified by column chromatography (25% 
EtOAc in Hexanes) to give 420 mg of clear colorless oil. 1H NMR (400 MHz ,CHLOROFORM-d)ppm 
5.90 (s, 1 H), 2.39 - 2.24 (m, 8 H), 2.05 - 1.96 (m, 2 H), 1.77 - 1.69 (m, 2 H), 0.16 (s, 9 H). To a 
suspension of anhydrous potassium carbonate (401 mg, 2.96 mmol, 1 eq) in anhydrous methanol (10 
mL) was added 3-(5-(trimethylsilyl)pent-4-yn-1-yl)cyclohex-2-en-1-one (680 mg, 2.96 mmol, 1 eq). The 
reaction was stirred at room temperature overnight. The following morning TLC indicated complete 
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consumption of the starting material. The reaction was concentrated without external heating and then 
redissolved in DCM and 1N HCl. The aqueous layer was extracted five additional times with DCM. The 
combined organics were washed once with water and brine, dried with MgSO4, and concentrated. The 
resulting brown oil was eluted through short silica plug (25% EtOAc in Hexanes) to give 550 mg (115 
%, balance EtOAc) of yellow oil. 1H NMR (300 MHz, CHLOROFORM-d)ppm 5.87 (s, 1 H), 2.41 - 
2.25 (m, 6 H), 2.21 (dt, J = 7.0, 2.6 Hz, 2 H), 2.03 - 1.92 (m, 3 H), 1.72 (quin, J = 6.0 Hz, 2 H). To a 
flask containing cuprous iodide (147 mg, 0.77 mmol, 0.50 eq) and paraformaldehyde (116 mg, 3.85 
mmol, 2.5 eq) was added dry 1,4-dioxane (30 mL). To the suspension freshly disillted diisopropylamine 
(435 L, 3.08 mmol, 2.0 eq) and 3-(pent-4-yn-1-yl)cyclohex-2-en-1-one were added. The reaction was 
heated to reflux for 48 h at which time NMR indicated that there was no starting material (TLC is not a 
reliable method for monitoring this reaction because the copper acetylide that forms has the effect of 
exaggerating conversion). The reaction was cooled to room temperature, partitioned between Et2O and 
saturated aqueous ammonium chloride. The aqueous layer was extracted three additional times, and 
the combined aqueous extracts were washed with aqueous ammonium chloride until the washings 
were no longer blue, followed by five times with water, and once with brine. The solution was dried with 
MgSO4 and concentrated. The resulting red-brown oil was purified by column chromatography (15% to 
20% EtOAc in hexanes) to yield 137 mg (50.5%) of a pale, yellow oil. 1H NMR (400 MHz, 
CHLOROFORM-d)ppm 5.88 (s, 1 H), 5.09 (quin, J = 6.7 Hz, 1 H), 4.69 (td, J = 6.5, 3.3 Hz, 2 H), 2.41 
- 2.21 (m, 6 H), 2.08 - 1.93 (m, 4 H), 1.64 (quin, J = 7.5 Hz, 2 H) 
Compound 67: To a suspension of sodium hydride 
(60% dispersion in mineral oil, 57 mg, 1.41 mmol, 1.2 
eq) in THF (14 mL) was added but-3,4-
dienylmalonate114,164 (250 mg, 1.18 mmol, 1.0 eq). This was heated to 60 °C for 10 minutes and then 
cooled to room temperature. To the clear solution, (E)-tert-butyl 4-bromobut-2-enoate182 (338 mg, 1.53 
mmol, 1.3 eq) was slowly added and the solution was heated to 60 °C overnight. The following morning 
TLC indicated complete conversion, at which time the reaction was cooled to room temperature, poured 
into saturated aqueous ammonium chloride and extracted thrice with EtOAc. The combined organic 
extracts were washed twice with water and once with brine. The resulting solution was dried with MgSO4 
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and concentrated to yield a clear, yellow oil. The crude oil was purified by column chromatography (8% 
EtOAc in Hexanes) to yield 300 mg (72%) as a clear, pale yellow oil. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 6.73 - 6.67 (m, 1 H), 5.82 (d, J = 15.4 Hz, 1 H), 5.01 - 4.94 (m, 1 H), 4.71 - 
4.70 (m, 2 H), 4.23 (q, J = 7.2 Hz, 4 H), 2.81 (d, J = 7.5 Hz, 2 H), 2.66 - 2.61 (m, 2 H), 1.49 (s, 9 H), 
1.28 (t, J = 7.2 Hz, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 210.2 (s), 170.2 (s), 165.2 (s), 
141.14 (s), 127.0 (s), 84.00 (s), 80.4 (s), 74.9 (s), 61.6 (s), 57.4 (s), 35.07 (s), 32.2 (s), 28.1 (s), 14.1 
(s). IR (Thin film, cm-1) 2985, 2936, 1956, 1732, 1653, 1445, 1392, 1368, 1339, 1278, 1155, 854. LRMS 
(ESI) Calculated for C19H28O6+H: 353.20. Found: 353.17. 
Compound 69: To a flask containing 2,2,2-
trifluoroethyl 2-
(triphenylphosphoranylidene)acetate (600 mg, 
1.49 mmol, 2.0 eq) DCM (8 mL) and diethyl 2-(buta-2,3-dien-1-yl)-2-(2-oxoethyl)malonate (200 mg, 
0.750 mmol, 1.0 eq) were added. The resulting solution was refluxed overnight, at which time NMR 
indicated full conversion. The reaction was cooled to room temperature, absorbed onto silica gel, and 
purified by column chromatography (10% EtOAc in Hexanes) to afford 242 mg (86%) of a white solid. 
1H NMR (600 MHz, CHLOROFORM-d) ppm 7.02 - 6.94 (m, 1 H), 5.97 (d, J = 15.4 Hz, 1 H), 4.97 
(quin, J = 7.3 Hz, 1 H), 4.72 (dt, J = 6.5, 2.4 Hz, 2 H), 4.54 (q, J = 8.3 Hz, 2 H), 4.24 (q, J = 1.0 Hz, 4 
H), 2.87 (d, J = 7.5 Hz, 2 H), 2.65 (dt, J = 7.8, 2.3 Hz, 2 H), 1.28 (t, J = 7.2 Hz, 6 H). 13C NMR (151 
MHz, CHLOROFORM-d)ppm 210.2 (s), 169.9 (s), 164.0 (s), 146.0 (s), 123.0 (s), 122.5 (d, J = 277.8 
Hz, CF3), 83.9 (s), 75.1 (s), 61.8 (s), 60.3 (q, J = 36.2 Hz, CH2), 57.3 (s), 35.5 (s), 32.5 (s), 14.1 (s). 19F 
NMR (564 MHz, CHLOROFORM-d)ppm -73.77 (s, 3F). IR (Thin film, cm-1) 2984, 2940, 1956, 1733, 
1655, 1444, 1412, 1283, 1165, 1097, 1076, 980, 855. LRMS (ESI) Calculated for C17H21F3O6+H: 
379.14, Found 379.17. 
Compound 71: To a suspension of sodium 
hydride (60% dispersion in mineral oil, 52 mg, 1.29 
mmol, 1.1 eq) in THF (8 mL) was added but-3,4-dienylmalonate (250 mg g, 1.18 mmol, 1.0 eq). The 
slurry was heated to 60 °C until a clear solution was obtained (10 minutes) and then cooled to room 
temperature. To this solution was added benzyl 2-(bromomethyl) acrylate183 (361 mg, 1.41 mmol, 1.2 
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eq) and the solution was heated at 60 °C for 1hr, at which time TLC showed complete consumption of 
starting material. The reaction was cooled to room temperature and poured into saturated aqueous 
ammonium chloride. The solution was extracted thrice with EtOAc. The combined organic extracts were 
washed with water and brine and concentrated to give a yellow oil. The oil was subjected to column 
chromatography (5% EtOAc in hexanes) to give 382 mg (84%) of a clear colorless oil. 1H NMR (600 
MHz, CHLOROFORM-d)ppm 7.39 (d, J = 4.1 Hz, 4 H), 7.38 - 7.33 (m, 1 H), 6.36 (d, J = 1.1 Hz, 1 
H), 5.74 (s, 1 H), 5.19 (s, 2 H), 5.09 - 5.03 (m, 1 H), 4.67 (dt, J = 6.7, 2.5 Hz, 2 H), 4.19 (dq, J = 10.9, 
7.2 Hz, 2 H), 4.12 (dq, J = 10.9, 7.2 Hz, 2 H), 3.06 (s, 2 H), 2.60 (dt, J = 7.9, 2.5 Hz, 2 H), 1.25 (t, J = 
7.0 Hz, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 210.1 (s), 170.5 (s), 166.8 (s), 135.9 (s), 
129.6 (s), 128.5 (s), 128.2 (s), 128.1 (s), 84.5 (s), 74.7 (s), 66.7 (s), 61.4 (s), 57.8 (s), 33.4 (s), 32.0 (s), 
14.0 (s). One of the quaternary carbon atom is embedded in the above carbons. IR (Thin film, cm-1) 
3460, 3065, 3033, 2982, 1956, 1730, 1455, 1443, 1411, 1282, 1210, 1150.3, 960, 914, 856. LRMS 
(ESI) Calculated for C22H26O6+H: 387.18, Found: 387.18. 
Compound 73: To a flask containing 
methyl-4-formyl-benzoate (500mg, 3.05 mmol, 
1 eq) and methyl acrylate (790 mg, 9.14 mmol, 
3 eq) was added methanol (3 mL) and 
aqueous trimethylamine (24% w/v, 940 L, 3.81 mmol, 1.25 eq). The resulting solution was stirred 
overnight at room temperature. The next morning TLC indicated that the reaction had stalled, at which 
point it was diluted with chloroform and water. The aqueous layer was extracted two addition times with 
chloroform, and the combined organic extracts were brine and dried with MgSO4. The solution was 
concentrated to give a cloudy, colorless oil. The alcohol was isolated via column chromatography (25% 
EtOAc in Hexanes), 620 mg (81%). To a flask containing methyl 4-(1-hydroxy-2-
(methoxycarbonyl)allyl)benzoate (547 mg, 2.19 mmol. 1 eq) was added diethyl ether (9 mL). The 
solution was cooled to 0 °C and phosphorus tribromide (227 L, 2.40 mml, 1.1 eq) was added. The 
heterogeneous mixture was allowed to warm to room temperature, at which time TLC indicated 
complete conversion. The solution was diluted with Et2O, washed twice with water and once with brine, 
dried with MgSO4, and concentrated. The resulting white solid was sufficiently pure to use without 
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purification. To a suspension of sodium hydride (60% dispersion in mineral oil, 26.0 mg, 0.639 mmol, 
1.05 eq) was added but-3,4-dienylmalonate (129 mg g, 0.608 mmol, 1.0 eq). This was stirred at 60 °C 
until a clear solution was obtained (10 minutes) and then cooled to room temperature. To this solution 
was added methyl (Z)-4-(2-(bromomethyl)-3-methoxy-3-oxoprop-1-en-1-yl)benzoate (200 mg, 0.639 
mmol, 1.05 eq) and the solution was heated at room temperature for 1hr, at which time TLC showed 
complete consumption of starting material. The reaction was poured into saturated aqueous ammonium 
chloride and was extracted thrice with EtOAc. The combined organic extracts were washed with water 
and brine and concentrated to give a yellow oil. The oil was subjected to column chromatography (15% 
EtOAc in hexanes) to give 176 mg (65%) of a white solid. 1H NMR (600 MHz, CHLOROFORM-d)ppm 
8.08 (d, J = 8.3 Hz, 2 H), 7.78 (s, 1 H), 7.48 (d, J = 8.3 Hz, 2 H), 4.66 - 4.60 (quin, J = 7.2 Hz, 1 H), 
4.51 (dt, J = 6.7, 2.5 Hz, 2 H), 4.14 – 4.09 (m, 2 H), 4.01 - 3.96 (m, 2 H), 3.95 (s, 3 H), 3.80 (s, 3H), 
3.41 (s, 2 H), 2.46 (dt, J = 7.5, 2.6 Hz, 2 H), 1.19 (t, J = 7.0 Hz, 6 H). 13C NMR (151 MHz, 
CHLOROFORM-d)ppm 209.7, 170.5 (s), 168.3 (s), 166.6 (s), 140.9 (s), 139.9 (s), 130.8 (s), 129.9 
(s), 129.8 (s), 129.1 (s), 84.3 (s), 74.5 (s), 61.3 (s), 57.7 (s), 52.3 (s), 52.2 (s), 32.1 (s), 28.5 (s), 13.9 
(s). IR (Thin film, cm-1) 3430, 2984, 2953, 1955, 1725, 1435, 1367, 1280, 1266, 1107, 852. LRMS (ESI) 
Calculated for C24H28O8+H: 445.19, Found: 445.24 
Compound 75: To a suspension of sodium hydride (60% 
dispersion in mineral oil, 61 mg, 1.56 mmol, 1.2 eq) in DMF (4 
mL) at 0 C was added a solution of N-(buta-2,3-dien-1-yl)-4-
toluenesulfonamide163 (290 mg, 1.30 mmol, 1 eq) in DMF (1 mL). The solution was stirred for 30 minutes 
at 0 °C, at which time a solution of (E)-Ethyl fumaryl chloride (317 mg, 1.95 mmol, 1.5 eq) in DMF (2 
mL) was added. The reaction was removed from the ice bath and allowed to warm to room temperature. 
After 3 h at room temperature TLC indicated complete consumption of starting material, at which time 
the reaction was poured into saturated aqueous ammonium chloride. The mixture was extracted with 
EtOAc, and the resultant organic solution was washed twice with water and once with brine. The 
solution was dried with MgSO4 and concentrated to prove a viscous oil. Purification was accomplished 
via column chromatography (15% EtOAc in Hexanes) to afford 350 mg (77%) as a clear colorless oil. 
1H NMR (600 MHz, CHLOROFORM-d)ppm 7.87 (d, J = 8.3 Hz, 2 H), 7.59 (d, J = 15.1 Hz, 1 H), 7.37 
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(d, J = 8.3 Hz, 2 H), 6.76 (d, J = 15.4 Hz, 1 H), 5.30 (quin, J = 6.3 Hz, 1 H), 4.81 (dt, J = 7.2, 2.4 Hz, 2 
H), 4.55 (dt, J = 6.0, 3.0 Hz, 2 H), 4.28 (q, J = 7.2 Hz, 2 H), 2.47 (s, 3 H), 1.34 (t, J = 7.2 Hz, 3 H). 13C 
NMR (151 MHz, CHLOROFORM-d)ppm 209.0 (s), 164.8 (s), 164.2 (s), 145.3 (s), 136.2 (s), 133.8 
(s), 133.6 (s), 129.8 (s), 128.2 (s), 87.0 (s), 78.3 (s), 61.4 (s), 44.9 (s), 21.7 (s), 14.2. (s). IR (Thin film, 
cm-1) 3067, 2984, 1957, 1724, 1685, 1596, 1365, 1297, 1165, 1089, 1032, 850, 665, 585, 544. LRMS 
(ESI) Calculated for C17H19NO5S+H: 350.10; Found: 350.11.  
Compound 77: To a flask containing ethyl 
(triphenylphosphoranylidene)acetate (855 mg, 2.45 mmol, 
1.1 eq) was added DCM (10 mL) and 2-(buta-2,3-dien-1-yl)benzaldehyde184 (353 mg, 2.23 mmol, 1 
eq). The following morning NMR indicated partial conversion, at which time and additional 2.23 mmol 
of the ethyl (triphenylphosphoranylidene)acetate was added. The reaction was stirred an additional 24 
h, at which time NMR analysis indicated the reaction had gone to completion. The reaction was cooled 
to room temperature, absorbed onto silica gel, and purified by column chromatography (3% EtOAc in 
Hexanes) to afford 400 mg (79%) of a clear colorless oil. 1H NMR (600 MHz ,CHLOROFORM-d)ppm 
8.04 (d, J = 15.8 Hz, 1 H), 7.60 (d, J = 7.2 Hz, 1 H), 7.36 - 7.34 (m, 1 H), 7.27 (d, J = 7.8 Hz, 2 H), 6.39 
(d, J = 15.8 Hz, 1 H), 5.27 (quin, J = 6.8 Hz, 1 H), 4.73 (dt, J = 6.6, 3.0 Hz, 2 H), 4.30 (q, J = 3.0 Hz, 2 
H), 3.51 (dt, J = 6.6, 3.2 Hz, 2 H), 1.38 (t, J = 7.2 Hz, 3 H). 13C NMR (151 MHz, CHLOROFORM-
d)ppm 208.9, 167.0, 142.1, 139.5, 133.5, 130.1 (2 x CH), 127.0, 126.6, 119.6, 89.4, 75.9, 60.5, 32.9, 
14.4. IR (Thin film, cm-1) 3446, 3063, 2982, 2935, 1954, 1712, 1633, 1483, 1277, 1179, 1367, 1314, 
978, 850. LRMS (ESI) Calculated for C15H16O2H+: 229.12; Found: 229.10  
Compound 79: Using a previously reported 
method,185 3,3-dimethylhex-5-yn-1-ol was prepared by via 
the lithium triethylborohydride reduction of 5,5-dimethyl-
3-oxocyclohex-1-en-1-yl trifluoromethanesulfonate. The alcohol so obtained contained an inseparable 
by-product. To a flask containing tert-butyldimethylchlorosilane (1.43 g, 9.52 mmol, 1.2 eq) and 
imidazole (540 mg, 19.8 mmol, 2.5 eq) was added DMF (5 mL) and 3,3-dimethylhex-5-yn-1-ol (1.00 g, 
7.93 mmol, 1 eq). The reaction was stirred 2 h at room temperature, followed by 40 °C overnight. The 
following morning TLC indicated complete consumption of the starting alcohol, so the reaction was 
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cooled to room temperature and poured into a biphasic mixture of Et2O and saturated aqueous sodium 
bicarbonate. The organic layer was washed twice with saturated aqueous sodium bicarbonate, twice 
with water, and once with brine. The solution was dried with MgSO4, concentrated, and purified by 
column chromatography (5% EtOAc in Hexanes) to yield 690 mg (36%) of a colorless oil. The 
unidentified impurity present at the beginning of the reaction was no longer visible in the NMR of the 
isolated oil. 1H NMR (400 MHz, CHLOROFORM-d)ppm 3.72 (t, J = 7.3 Hz, 2 H), 2.14 (d, J = 2.8 Hz, 
2 H), 2.03 - 1.99 (m, 1 H), 1.61 (t, J = 7.2 Hz, 3 H), 1.03 (s, 6 H), 0.92 (s, 9 H), 0.08 (s, 6 H). To a flask 
containing cuprous iodide (284 mg, 1.44 mmol, 0.50 eq), and paraformaldehyde (215 mg, 7.18 mmol, 
2.5 eq), was added 1,4-dioxane (15 mL), dicyclohexylamine (1.12 mL, 5.17 mmol, 1.8 eq), and the 
alkyne (690 mg, 2.87 mmol). This was refluxed overnight. The following morning NMR indicated full 
conversion, at which time the reaction was cooled to room temperature, diluted with Et2O, thrice washed 
with 1N HCl, saturated aqueous ammonium chloride until the washings were no longer blue, water, and 
brine. The resulting solution was dried with MgSO4, concentrated, and purified via column 
chromatography (2.5% to 5% to 10% EtOAc in Hexanes) to afford 250 mg (37%) of a clear colorless 
oil. This oil was added to a flask containing tetrabutylammonium fluoride trihydrate (618 mg, 1.96 mmol, 
2 eq) and THF (5 mL). The resulting solution was stirred 2 h, at which time TLC indicated complete 
consumption of the starting material. The reaction was poured into saturated aqueous sodium 
bicarbonate, which was extracted with Et2O. The organic layer was washed twice with water and once 
with brine. The solution was dried with MgSO4 and concentrated to yield 260 mg (190%, balance Et2O) 
of an oil, which was clean enough for use without further purification. 1H NMR (400 MHz, 
CHLOROFORM-d)ppm 5.11 - 5.05 (m, 1 H), 4.65 (dt, J = 6.7, 2.5 Hz, 2 H), 3.76 - 3.71 (m, 2 H), 1.96 
(dt, J = 8.2, 2.4 Hz, 2 H), 1.60 - 1.56 (m, 2 H), 0.95 (s, 6 H). To a flask containing DMSO (150 L, 2.14 
mmol, 3.0 eq), was added DCM. The flask was cooled to -78 °C and oxalyl chloride was added (91 L, 
1.07 mmol, 1.5 eq), followed by the alcohol (100mg (corrected for the ether content), 0.713 mmol, 1 
eq) 15 minutes thereafter. After an additional 30 minutes, freshly distilled triethylamine (700 L, 5.00 
mmol, 7.0 eq) was added. The resulting solution was warmed to room temperature. Upon reaching 
room temperature TLC indicated the reaction was complete. The solution was diluted with DCM (3mL, 
the volume is important) and washed thrice with 1N HCl, once with water, and once with brine. The 
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MgSO4 dried solution of aldehyde (8 mL total) added to a flask containing ethyl 
(triphenylphosphoranylidene)acetate (500mg, 1.43 mmol, 2.0 eq) and the reaction was stirred at 35 °C. 
The following morning TLC indicated complete consumption of starting material, at which time the 
reaction was absorbed onto silica gel and purified by column chromatography (5% to 10% EtOAc in 
Hexanes). The (E) and (Z) isomers could be partially separated, yielding 92 mg (62%) of isolated (E) 
isomer. 1H NMR (400 MHz, CHLOROFORM-d) ppm 7.00 (td, J = 15.3, 7.9 Hz, 5 H), 5.85 (d, J = 15.3 
Hz, 1 H), 5.11 - 5.04 (m, 1 H), 4.67 (td, J = 6.6, 2.5 Hz, 2 H), 4.22 (q, J = 7.0 Hz, 2 H), 2.15 (dd, J = 7.9, 
1.1 Hz, 2 H), 1.97 (td, J = 8.1, 2.5 Hz, 2 H), 1.32 (t, J = 7.2 Hz, 3 H), 0.96 (s, 6 H). 
Compound 81: To a suspension of sodium hydride 
(60% dispersion in mineral oil, 330 mg, 1.38 mmol, 1.15 
eq) in THF (15 mL) was added but-3,4-dienylmalonate 
(250 mg, 1.18 mmol, 1.0 eq). This was stirred at room temperature until a clear solution was obtained, 
at which time 3-(bromomethyl)-4-hydroxy-2-butanoic lactone186 (313 mg, 1.77 mmol, 1.5 eq) was 
added. This was stirred 6 h at room temperate, at which time TLC showed complete conversion. The 
reaction was poured into water, extracted with EtOAc. The aqueous extract was washed twice with 
water and once with brine, dried with MgSO4, and concentrated. The resulting colorless oil was purified 
by column chromatography (25% EtOAc in Hexanes) to give 140 mg (25%) of a clear colorless oil. 1H 
NMR (600 MHz, CHLOROFORM-d)ppm 5.91 (s, 1 H), 4.97 - 4.92 (m, 1 H), 4.77 (d, J = 1.9 Hz, 2 H), 
4.75 (dt, J = 6.6, 2.5 Hz, 2 H), 4.24 (q, J = 6.0 Hz, 4 H), 3.07 (s, 2 H), 2.70 (dt, J = 7.9, 2.5 Hz, 2 H), 
1.29 (s, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 210.27 (s), 173.41 (s), 169.85 (s), 165.03 
(s), 119.20 (s), 83.68 (s), 75.46 (s), 73.94 (s), 62.14 (s), 57.30 (s), 33.34 (s), 32.03 (s), 14.04 (s) IR 
(Thin film, cm-1) 2984, 1956, 1783, 1730, 1465, 1200, 1028, 859. LRMS (ESI) Calculated for 
C16H20O6+H: 309.13, Found: 309.18.  
D. Preparation of [2+2+2] Cycloadducts 
General Procedure for [2+2+2] Cycloadditions: In an Argon-filled glove box, a toluene solution 
(700 L) of [Rh(C2H4)2Cl]2, (0.00316 mM, 0.00221 mmol, 2.5 mol %) and (R)-H8-BINAP (0.00757 mM, 
0.00530 mmol, 6 mol %) is added to a vial containing a toluene solution (700 L) of AgOTf (0.00630 
mM, 0.00441 mmol, 5 mol %). The red color of the rhodium solution turned orange immediately and 
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gradually became cloudy. After 10 minutes, a toluene solution (700 L) of substrate (0.0883 mmol, 1 
eq) and added allene (0.177 mmol, 2 eq) was added to the catalyst mixture. This was stirred until a 
colorless solution was obtained, at which time the reaction was removed from the glove box and was 
placed in an aluminum-heating block preheated to 100 °C. The reaction progress was monitored by 
TLC. 
Occasionally, poor solubility of the individual catalyst components requires modifications of the 
general procedure. When the ligand used is insoluble in the solvent (e.g. BINAP in toluene), prolonged 
stirring with gentle heating (ca. 50 °C) is required to generate the red solution that is characteristic of 
the Rh(I)/bisphosphine. When the silver salt is insoluble in the reaction solvent a solution of 
Rh(I)/bisphosphine is added to a suspension of the silver salt in the appropriate solvent. In this scenario, 
heating is typically required to affect the halide abstraction. 
Compound 2: Compound 2 was 
prepared in 81 % after 24 h using the 
stated general procedure using substrate 
1 and in the absence of an added allene. 1H NMR (600 MHz, BENZENE-d6)ppm 7.14 - 7.10 (m, 1 H, 
overlaps with residual benzene signal), 5.94 (d, J = 15.4 Hz, 1 H), 4.94 (t, J = 1.7 Hz, 1 H), 4.92 (d, J = 
1.9 Hz, 1 H), 4.80 (d, J = 1.9 Hz, 1 H), 4.65 (s, 1 H), 4.02 - 3.85 (m, 8 H), 3.72 (dq, J = 10.9, 7.2 Hz, 1 
H), 3.41 (s, 3 H), 3.33 (s, 3 H), 3.29 (dd, J = 13.2, 6.4 Hz, 1 H), 3.10 (dd, J = 9.8, 4.1 Hz, 1 H), 3.01 
(ddd, J = 14.7, 7.9, 1.1 Hz, 1 H), 2.87 (ddd, J = 14.7, 7.3, 1.3 Hz, 1 H), 2.78 (dd, J = 12.6, 5.8 Hz, 1 H), 
2.43 - 2.35 (m, 2 H), 2.29 - 2.20 (m, 3 H), 2.08 (dt, J = 12.0, 5.6 Hz, 1 H), 1.96 - 1.91 (m, 1 H), 0.93 - 
0.87 (m, 12 H). 13C NMR (151 MHz ,BENZENE-d6)ppm 172.2 (s), 172.0 (s), 170.1 (s), 170.0 (s), 
165.6 (s), 150.4 (s), 147.9 (s), 143.2 (s), 124.5 (s), 112.7 (s), 108.6 (s), 61.0 (s), 60.7 (s), 57.9 (s), 56.8 
(s), 53.3 (s), 51.2 (s), 50.7 (s), 49.8 (s), 41.9 (s), 41.4 (s), 39.2 (s), 36.0 (s), 35.4 (s), 31.6 (s), 13.7 (s), 
13.6 (s), 13.5 (s). IR (Thin film, cm-1): 2983, 1729, 1658, 1439, 1390, 1367, 1262, 1212, 1175, 1096, 
1021, 901, 861, 723, 527, 512 LRMS (ESI) Calculated for C32H44O12Na+ = 643.27; Found 643.21. 
Compound 2-OMe: Compound 2-OMe was obtained in the same manner as compound 2 by using 
substrate 1-OMe. 1H NMR (400 MHz, CHLOROFORM-d) 6.71 (dt, J = 15.6, 7.6 Hz, 1 H), 5.83 (d, J 
= 15.6 Hz, 1 H), 4.99 (d, J = 1.9 Hz, 1 H), 4.93 (s, 1 H), 4.81 (d, J = 1.9 Hz, 1 H), 4.79 (s, 1 H), 3.79 (s, 
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3 H), 3.76 - 3.71 (m, 9 H), 3.70 (s, 3 H), 
3.65 (s, 3 H), 2.94 - 2.84 (m, 3 H), 2.78 
- 2.71 (m, 1 H), 2.61 - 2.53 (m, 2 H), 
2.19 - 1.96 (m, 4 H), 1.89 - 1.76 (m, 2 H) 
Compound 4: Compound 4 was 
prepared in 59% after 24 h using the 
stated general procedure using 
substrate 1 and phenyl allene 3 except AgBF4 was used in place of AgOTf. The product was obtained 
as a colorless residue. 1H NMR (500 MHz, BENZENE-d6)ppm 7.33 - 7.27 (m, 2 H), 7.05 - 6.99 (m, 2 
H), 6.99 - 6.94 (m, 1 H), 5.13 (d, J = 2.1 Hz, 1 H), 5.09 (t, J = 2.0 Hz, 1 H), 4.76 (d, J = 2.1 Hz, 1 H), 
4.70 (t, J = 2.0 Hz, 1 H), 4.19 (d, J = 5.7 Hz, 1 H), 3.99 (qd, J = 7.1, 1.0 Hz, 2 H), 3.90 (q, J = 7.1 Hz, 2 
H), 3.21 (dd, J = 13.3, 6.6 Hz, 1 H), 3.13 (s, 3 H), 2.87 (dd, J = 13.1, 6.0 Hz, 1 H), 2.66 (dd, J = 11.7, 
5.7 Hz, 1 H), 2.60 - 2.50 (m, 2 H), 2.26 - 2.17 (m, 1 H), 2.03 (dd, J = 13.3, 11.2 Hz, 1 H), 0.92 (t, J = 
7.1 Hz, 3 H), 0.86 (t, J = 7.1 Hz, 3 H) 13C NMR (126 MHz, BENZENE-d6)ppm 172.87 (s), 172.55 (s) 
172.09 (s), 150.57 (s), 149.79 (s), 142.86 (s), 129.15 (s), 128.31 (s), 127.30 (s), 114.44 (s), 108.13 (s), 
61.75 (s), 58.81 (s), 53.54 (s), 52.03 (s), 51.16 (s), 49.51 (s), 40.88 (s), 40.00 (s), 37.41 (s), 14.38 (s), 
14.30 (s) LRMS (ESI) Calculated for C25H30O6Na+: 449.19; Found: 449.14 IR (Thin film, cm-1) 2919, 
1729, 1452, 1257, 1178, 1027, 703, 527 
Compound 6: Compound 2 was 
prepared in 79% yield after 2 hours 
using the stated general procedure 
using substrate 1 and ethyl allenoate 2. The residue was recrystallized after column chromatography 
by dissolution in 10% Ethyl Acetate in Hexanes and standing for 10 minutes. The compound was 
washed with cold hexanes to give clear colorless crystals of sufficient quality for X-ray analysis. When 
this reaction was also on a 1.0 mmol scale a 68% yield of product was obtained. When enantiomerically 
enriched product was subjecting to recrystallization, the crystals obtained were racemic, which 
increased the enantiomeric ratio of the supernatant to 90:10 (55%). 1H NMR (500 MHz, 
CHLOROFORM-d)ppm 5.24 (s, 1 H), 5.06 (s, 1 H), 5.03 (d, J = 1.2 Hz, 1 H), 4.72 (s, 1 H), 4.24 - 
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4.14 (m, 4 H), 4.14 - 4.02 (m, 2 H), 3.84 (d, J = 5.0 Hz, 1 H), 3.70 (s, 3 H), 2.96 (dd, J = 13.8, 6.9 Hz, 1 
H), 2.59 (dd, J = 11.6, 5.2 Hz, 1 H), 2.52 (dd, J = 12.6, 5.5 Hz, 1 H), 2.32 (qd, J = 11.7, 7.0 Hz, 1 H), 
2.18 - 2.11 (m, 1 H), 2.09 - 2.01 (m, 1 H), 1.93 (dd, J = 13.8, 11.5 Hz, 1 H), 1.25 (dt, J = 8.3, 7.1 Hz, 6 
H), 1.19 (t, J = 7.1 Hz, 3 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 173.0 (s), 172.7 (s), 172.3 
(s), 171.4 (s), 147.5 (s), 1445.0 (s), 115.6 (s), 108.2 (s), 61.8 (s), 61.8 (s), 61.1 (s), 58.1 (s), 52.1 (s), 
51.8 (s), 49.5 (s), 49.3 (s), 42.4 (s), 39.6 (s), 36.2 (s), 14.3 (s), 14.3 (s) IR (Thin film, cm-1) 2983, 1731, 
1445, 1368, 1253, 1176, 1029, 908, 508 LRMS (ESI) Calculated for C22H30O8Na+: 445.18, Found: 
445.08 HPLC: Chiralpak IA, 97:3 Hexanes/IPA (81:19 er); Recrystallized (95:5 er)  
Compound 10: Compound 
10 was prepared in 79% after 2 
hours using the stated general 
procedure using substrate 1 and alkyl allene 9. 1H NMR (600 MHz, BENZENE-d6)ppm 4.91 (d, J = 
2.6 Hz, 1 H), 4.86 (t, J = 1.7 Hz, 1 H), 4.82 (d, J = 2.3 Hz, 1 H), 4.62 (s, 1 H), 4.05 - 3.88 (m, 7 H), 3.76 
(qd, J = 7.2, 10.9 Hz, 1 H), 3.34 - 3.28 (m, 4 H), 3.12 (dd, J = 4.0, 9.2 Hz, 1 H), 2.77 (dd, J = 6.0, 12.8 
Hz, 1 H), 2.44 (dd, J = 4.1, 11.7 Hz, 1 H), 2.36 (dd, J = 9.4, 14.7 Hz, 1 H), 2.32 - 2.19 (m, 3 H), 2.10 
(dt, J = 5.8, 12.1 Hz, 1 H), 1.96 (dd, J = 11.7, 13.2 Hz, 1 H), 1.56 (s, 3 H), 0.94 - 0.87 (m, 12 H) 13C 
NMR (151 MHz, BENZENE-d6)ppm 172.2 (s), 172.1 (s), 171.8 (s), 171.7 (s), 171.3 (s), 151.0 (s), 
148.2 (s), 112.0 (s), 108.3 (s), 61.0 (s), 60.7 (s), 60.4 (s), 58.0 (s), 53.1 (s), 52.8 (s), 50.8 (s), 49.8 (s), 
42.0 (s), 41.5 (s), 39.1 (s), 36.0 (s), 34.4 (s), 20.2 (s), 13.7 (s), 13.6 (s), 13.5 (s). IR (Thin film, cm-1): 
3082, 2983, 2939, 2874, 2360, 2104, 1969, 1730, 1636, 1552, 1464, 1380, 1367, 1297, 1262, 1217, 
1177, 1107, 1063, 1024, 902, 861, 798, 761, 737 LRMS Calculated for C28H40O10Na+: 559.25; Found: 
559.24 
Compound 20: Compound 20 
was prepared in 67% after 2 h using 
the stated general procedure for ene-
allene-allene [2+2+2] cycloaddition reaction with substrate 1 and benzyl allenoate 53. The product was 
obtained as a colorless oil. 1H NMR (600 MHz, CHLOROFORM-d)ppm 5.28 (d, J = 1.9 Hz, 1 H), 
5.15 - 5.01 (m, 4 H), 4.75 - 4.70 (m, 1 H), 4.26 - 4.16 (m, 4 H), 3.94 (d, J = 4.9 Hz, 1 H), 3.62 - 3.56 (m, 
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3 H), 3.00 (dd, J = 13.7, 7.0 Hz, 1 H), 2.62 (dd, J = 11.5, 4.9 Hz, 1 H), 2.55 (dd, J = 12.6, 5.5 Hz, 1 H), 
2.43 - 2.34 (m, 1 H), 2.19 - 2.12 (m, 1 H), 2.12 - 2.05 (m, 1 H), 1.95 (dd, J = 13.7, 11.5 Hz, 1 H), 1.31 - 
1.23 (m, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.8 (s), 172.4 (s), 172.1 (s), 171.1 (s), 
147.1 (s), 144.5 (s), 135.8 (s), 128.4 (s), 128.1 (s), 128.1 (s), 115.7 (s), 108.2 (s), 66.6 (s), 61.6 (s), 
61.6 (s), 57.9 (s), 51.8 (s), 51.6 (s), 49.2 (s), 49.0 (s), 42.1 (s), 39.4 (s), 36.0 (s), 14.1 (s), 14.1 (s). 
LRMS Calculated for C27H32O8Na+: 507.53, Found: 507.23. IR (cm-1): 3087, 3032, 2982, 2952, 2360, 
1730, 1637, 1498, 1455, 1367, 1297, 1257, 1208, 1164, 1113, 1094, 1060, 1028, 907, 860, 798, 751, 
698, 600, 527, 517. HPLC: Chiralpak IA, 97:3 Hexanes/IPA, Retention times: 17.9 minutes, 24.4 
minutes (80:20 er).  
Compound 21: Compound 21 was 
prepared in 21% (NMR yield, 1,3,5-
trimethoxybenzene as standard) after 22 
h using the stated general procedure for ene-allene-allene [2+2+2] cycloaddition reaction with substrate 
1 and p-CO2Me-Phenylallene 53. The product was obtained as a colorless oil. 1H NMR (600 MHz 
,CHLOROFORM-d)  = 7.91 (d, J = 8.5 Hz, 2 H), 7.26 (d, J = 8.3 Hz, 2 H), 5.28 (d, J = 1.7 Hz, 1 H), 
5.24 (s, 1 H), 4.97 (d, J = 1.1 Hz, 1 H), 4.89 (s, 1 H), 4.26 - 4.12 (m, 5 H), 3.91 (s, 3 H), 3.49 (s, 3 H), 
2.90 (dd, J = 5.9, 11.4 Hz, 1 H), 2.71 (dd, J = 6.8, 13.6 Hz, 1 H), 2.65 (dd, J = 5.6, 12.9 Hz, 1 H), 2.35 
- 2.29 (m, 1 H), 2.26 - 2.20 (m, 1 H), 2.20 - 2.12 (m, 1 H), 1.88 (dd, J = 11.0, 13.5 Hz, 1 H), 1.29 - 1.25 
(m, 6 H) 
Compound 23: Compound 23 was 
prepared in 71% yield after 2 using the 
stated general procedure with substrate 
22 and ethyl allenoate 5. The product was obtained as a white solid. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 8.14 (d, J = 7.9 Hz, 2 H), 8.08 (d, J = 7.9 Hz, 2 H), 7.82 - 7.69 (m, 2 H), 7.69 
- 7.62 (m, 4 H), 5.26 (s, 1 H), 5.08 (d, J = 2.3 Hz, 1 H), 5.06 (s, 1 H), 4.72 - 4.64 (m, 1 H), 4.12 – 3.98 
(m, 2 H), 3.85 (d, J = 5.3 Hz, 1 H), 3.71 (s, 3 H), 3.17 (dd, J = 15.1, 6.4 Hz, 1 H), 2.76 (dd, J = 14.5, 6.2 
Hz, 1 H), 2.66 - 2.55 (m, 1 H), 2.51 (dd, J = 14.3, 11.7 Hz, 1 H), 2.42 - 2.30 (m, 2 H), 2.08 – 1.91 (m, 1 
H), 1.18 (t, J = 7.12 Hz, 3 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 171.8 (s), 170.5 (s), 146.5 
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(s), 143.9 (s), 136.5 (s), 135.9 (s), 134.7 (s), 134.7 (s), 131.5 (s), 131.4 (s), 128.9 (s), 128.8 (s), 116.2 
(s), 108.1 (s), 91.4 (s), 60.9 (s), 52.0 (s), 51.3 (s), 48.7 (s), 48.4 (s), 41.6 (s), 37.4 (s), 34.0 (s), 14.1 (s) 
IR (Thin film, cm-1) 3067, 2951, 1955, 1722, 1654, 1582, 1447, 1330, 131, 1279, 1175, 1146, 1078, 
1023, 999, 913, 852, 735, 687, 602, 581 LRMS (ESI) Calculated for C28H30O8S2Na+: 581.13, Found: 
581.14. 
Compound 25: Compound 25 
was prepared in 48% after 2.25 h 
using the stated general procedure 
with substrate 24 and ethyl allenoate 5. The product was obtained as a colorless residue. 1H NMR (500 
MHz, BENZENE-d6)ppm 7.71 - 7.76 (m, 2 H), 7.14 - 7.09 (m, 1 H), 7.07 - 7.01 (m, 2 H), 5.23 - 5.19 
(m, 1 H), 5.11 (d, J = 1.8 Hz, 1 H), 5.00 - 4.96 (m, 1 H), 4.66 (d, J = 1.8 Hz, 1 H), 4.08 - 3.85 (m, 6 H), 
3.62 (d, J = 5.0 Hz, 1 H), 3.51 (dd, J = 11.1, 5.2 Hz, 1 H), 3.13 - 3.07 (m, 1 H), 2.87 - 2.77 (m, 1 H), 
2.51 - 2.42 (m, 2 H), 2.14 (dd, J = 13.3, 11.91 Hz, 1 H), 1.88 (dq, J = 13.1, 3.4 Hz, 1 H), 1.72 (td, J = 
13.6, 3.9 Hz, 1 H), 1.33 - 1.22 (m, 1 H), 0.94 (t, J = 7.1 Hz, 3 H), 0.90 (t, J = 7.1 Hz, 3 H), 0.87 (t, J = 
7.10 Hz, 3 H) 13C NMR (126 MHz, BENZENE-d6)ppm 199.9 (s), 172.2 (s), 171.6 (s), 170.4 (s), 149.2 
(s), 147.2 (s), 138.2 (s), 133.4 (s), 129.3 (s), 128.8 (s), 113.3 (s), 109.6 (s), 61.6 (s), 61.4 (s), 60.9 (s), 
55.7 (s), 52.7 (s), 52.7 (s), 42.4 (s), 38.9 (s), 34.4 (s), 31.1 (s), 28.9 (s), 14.4 (s), 14.4 (s), 14. 3 (s) IR 
(Thin film, cm-1) 2919, 2850, 1730, 1681, 1596, 1448, 1369, 1265, 1215, 1161, 1116, 1027, 906, 776, 
737, 703, 627 LRMS (ESI) Calculated for C28H34O7Na+: 505.22, Found: 505.16 HPLC: Chiralpak IB, 
97:3 Hexanes/IPA, Retention times (minutes): 9.0, 10.2 minutes (27:73 er)  
Compound 29: Compound 29 was 
prepared in 45% after 3 h using the stated 
general procedure with substrate 28 and 
ethyl allenoate 5. The product was obtained as a white solid. 1H NMR (500 MHz, CHLOROFORM-
d)ppm 7.76 (d, J = 8.2 Hz, 2 H), 7.35 (d, J = 8.2 Hz, 2 H), 5.29 (d, J = 1.6 Hz, 1 H), 5.12 - 5.10 (m, 1 
H), 5.10 - 5.08 (m, 1 H), 4.60 - 4.58 (m, 1 H), 4.09 - 4.05 (m, 2 H), 4.02 (dd, J = 9.9, 7.1 Hz, 1 H), 3.88 
(d, J = 5.0 Hz, 1 H), 3.73 - 3.70 (m, 4 H), 3.19 (dd, J = 10.9, 9.3 Hz, 1 H), 3.05 (t, J = 10.3 Hz, 1 H), 
2.57 (dd, J = 11.5, 5.2 Hz, 1 H), 2.49 - 2.40 (m, 4 H), 2.18 - 2.10 (m, 1 H), 1.18 (t, J = 7.1 Hz, 3 H) 13C 
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NMR (150 MHz, CHLOROFORM-d)ppm 171.7 (s), 171.0 (s), 144.2 (s), 143.4 (s), 143.3 (s), 134.6 
(s), 129.8 (s), 127.3 (s), 116.7 (s), 108.8 (s), 61.1 (s), 52.7 (s), 52.2 (s), 50.9 (s), 49.2 (s), 47.8 (s), 47.1 
(s), 41.4 (s), 21.6 (s), 14.0 (s) IR (Thin film, cm-1) 2917, 2848, 1737, 1726, 1638, 1599, 1438, 1335, 
1306, 1269, 1209, 1187, 1159, 1111, 1089, 1041, 980, 934, 908, 818, 739, 708, 667, 594, 551, 529, 
507 LRMS (ESI) Calculated for C22H27NO6SNa+: 456.15, Found: 456.12. HPLC: Chiralpak IA, 85:15 
MTBE/DCM, Retention Times (minutes): 15.2, 16.7; er: 81:19 (Recrystallized to 98.2:1.8). 
Compound 33: Compound 6 was 
prepared in 61% after 1.25 h using the 
stated general procedure with substrate 
32 and ethyl allenoate 5. The product was obtained as a colorless residue. 1H NMR (500 MHz, 
BENZENE-d6)ppm 7.73 - 7.68 (m, 2 H), 7.14 - 7.09 (m, 1 H), 7.07 - 7.01 (m, 2 H), 5.2 - 5.15 (m, 2 
H), 4.79 (t, J = 2.0 Hz, 1 H), 4.72 (d, J = 1.8 Hz, 1 H), 3.98 - 3.76 (m, 7 H), 3.39 (dd, J = 11.0, 5.0 Hz, 
1 H), 3.23 (dd, J = 13.3, 6.9 Hz, 1 H), 3.09 - 2.98 (m, 1 H), 2.86 (dd, J = 13.1, 6.0 Hz, 1 H), 2.61 (t, J = 
12.5 Hz, 1 H), 2.45 - 2.37 (m, 1 H), 2.01 (dd, J = 13.2, 11.6 Hz, 1 H), 0.92 - 0.82 (m, 9 H) 13C NMR (126 
MHz, BENZENE-d6)ppm 198.9 (s), 173.3 (s), 172.2 (s), 170.5 (s), 148.4 (s), 146.5 (s), 137.7 (s), 
133.1 (s), 129.2 (s), 128.8 (s), 114.7 (s), 108.6 (s), 61.7 (s), 61.0 (s), 58.9 (s), 53.3 (s), 52.6 (s), 49.6 
(s), 42.4 (s), 39.7 (s), 37.3 (s), 14.3 (s) IR (Thin film, cm-1) 2917, 2849, 1729, 1683, 1448, 1367, 1252, 
1177, 1115, 1030, 695, 515 LRMS (ESI) Calculated for C27H32O7Na+: 491.20, Found: 491.14 HPLC: 
Chiralpak IA, 97:3 Hexanes/IPA, Retention Times (minutes): 14.4, 16.7; er: 66:34 
Compound 34: Compound 34 
was prepared in 42% after 24 h 
using the stated general procedure 
with substrate 32 and phenyl allene 5. Five equivalents of phenyl allene were used. The product was 
obtained as a colorless residue. 1H NMR (500 MHz, BENZENE-d)ppm 7.70 (dd, J = 8.25, 1.37 Hz, 
2 H), 7.09 - 7.03 (m, 3 H), 6.97 (dd, J = 7.8, 1.83 Hz, 2 H), 6.93 - 6.88 (m, 3 H), 5.17 (d, J = 1.8 Hz, 1 
H), 5.12 (t, J = 2.1 Hz, 1 H), 4.79 (t, J = 2.1 Hz, 1 H), 4.73 (d, J = 2.1 Hz, 1 H), 4.21 (d, J = 5.5 Hz, 1 
H), 4.00 - 3.89 (m, 4 H), 3.62 (dd, J = 10.9, 5.6 Hz, 1 H), 3.21 (dd, J = 13.4, 6.8 Hz, 1 H), 2.94 - 2.84 
(m, 2 H), 2.75 (t, J = 12.5 Hz, 1 H), 2.59 - 2.51 (m, 1 H), 2.10 (dd, J = 13.3, 11.5 Hz, 1 H), 0.89 (dt, J = 
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17.0, 7.1 Hz, 6 H) 13C NMR (126 MHz, BENZENE-d6)ppm 198.5 (s), 173.3 (s), 172.5 (s), 150.7 (s), 
150.5 (s), 142.1 (s), 138.0 (s), 133.0 (s), 129.3 (s), 129.1 (s), 129.0 (s), 127.3 (s), 114.1 (s), 108.3 (s), 
61.8 (s), 61.8 (s), 59.0 (s), 55.3 (s), 53.2 (s), 49.6 (s), 41.1 (s), 39.7 (s), 37.6 (s), 14.4 (s), 14.3 (s) IR 
(Thin film, cm-1) 2919, 2800, 1728, 1650, 1254, 508 LRMS (ESI) Calculated for C30H32O5Cs+: 605.13, 
Found: 605.06. The enantiomers of this compound could not be sufficiently resolved. 
Compound 36: Compound 36 
was prepared in 63% after 2.25 h 
using the stated general 
procedure with substrate 35 and 
ethyl allenoate 5. The product was obtained as a colorless residue. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 8.00 (d, J = 8.3 Hz, 2 H), 7.32 (d, J = 8.3 Hz, 2 H), 5.29 (d, J = 1.9 Hz, 1 H), 
5.14 (s, 1 H), 5.01 – 4.99 (m, 1 H), 4.81 (s, 1 H), 4.26 - 4.11 (m, 4 H), 3.93 (s, 3 H), 3.86 - 3.76 (m, 2 
H), 3.62 (d, J = 5.7 Hz, 1 H), 3.00 (dd, J = 11.9, 5.5 Hz, 1 H), 2.95 - 2.87 (m, 1 H), 2.79 - 2.74 (m, 1 H), 
2.64 - 2.58 (m, 1 H), 2.28 - 2.18 (m, 2 H), 1.54 - 1.48 (m, 1 H), 1.29 (t, J = 7.2 Hz, 3 H), 1.22 (t, J = 7.2 
Hz, 3 H), 0.91 (t, J = 7.2 Hz, 3 H) 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.6 (s), 172.3 (s), 
171.1 (s), 167.0 (s), 147.7 (s), 145.8 (s), 145.7 (s), 129.5 (s), 128.5 (s), 128.2 (s), 114.5 (s), 107.8 (s), 
61.6 (s), 61.6 (s), 61.5 (s), 60.2 (s), 57.8 (s), 56.6 (s), 56.6 (s), 52.1 (s), 50.4 (s), 49.3 (s), 42.3 (s), 38.9 
(s), 36.5 (s), 14.1 (s), 14.0 (s), 13.9 (s) IR (Thin film, cm-1) 3084, 2982, 2954, 2933, 2872, 1727, 1636, 
1611, 1574, 1509, 1437, 1421, 1389, 1368, 1339, 1280, 1251, 1160, 1113, 1101, 1061, 1032, 1021, 
966, 901, 877, 860, 813, 763, 706, 667, 626, 563, 539, 519 LRMS (ESI) Calculated for C28H34O8Na+: 
521.22, Found: 521.18. HPLC: Chiralpak IB, 98:2 Hexanes/IPA, Retention Times (minutes): 9.8, 10.6; 
er: 84:16 (the enantiomers could not be completely resolved). 
Compound 38: Compound 
38 was prepared in 58% after 3 h 
using the stated general 
procedure with substrate 37 and 
ethyl allenoate 5. The product was obtained as a yellow residue. 1H NMR (500 MHz, CHLOROFORM-
d)ppm 7.59 (d, J = 8.2 Hz, 2 H), 7.37 (d, J = 8.2 Hz, 2 H), 5.30 (d, J = 1.6 Hz, 1 H), 5.15 (s, 1 H), 
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5.01 (d, J = 1.3 Hz, 1 H), 4.82 (s, 1 H), 4.27 - 4.10 (m, 4 H), 3.81 (d, J = 7.3 Hz, 2 H), 3.61 (d, J = 5.7 
Hz, 1 H), 3.04 – 2.98 (m, 1 H), 2.90 (qd, J = 11.6, 6.5 Hz, 1 H), 2.81 - 2.75 (m, 1 H), 2.62 (dd, J = 13.4, 
6.5 Hz, 1 H), 2.30 - 2.16 (m, 2 H), 1.49 (dd, J = 13.2, 11.7 Hz, 1 H), 1.29 (t, J = 7.1 Hz, 3 H), 1.22 (t, J 
= 7.1 Hz, 3 H), 0.89 (t, J = 7.1 Hz, 3 H) 13C NMR (600 MHz, CHLOROFORM-d)ppm 172.5 (s), 172.2 
(s), 171.0 (s), 147.6 (s), 145.6 (s), 144.5 (s), 129.2 (q, J = 32.01 Hz), 128.9 (s), 128.5 (s), 125.3 (q, J = 
3.56 Hz), 124.2 (q, J = 270 Hz), 114.6 (s), 107.9 (s), 61.6 (s), 61.6 (s), 60.2 (s), 57.8 (s), 56.6 (s), 50.1 
(s), 49.2 (s), 42.3 (s), 38.9 (s), 36.5 (s), 14.1 (s), 14.0 (s), 13.7 (s) IR (Thin film, cm-1) 3085, 2983, 2935, 
2873, 1729, 1636, 1618, 1585, 1464, 1445, 1422, 1389, 1368, 1326, 1299, 1252, 1165, 1125, 1068, 
1031, 1019, 907, 872, 860, 840, 820, 737, 701, 641, 627, 605, 549, 535, 521, 507 LRMS (ESI) 
Calculated for C27H31F3O6Na+: 531.20, Found: 531.16. The enantiomers of this compound could not be 
sufficiently resolved. 
Compounds 40 and 41: Using (Z) 
substrate 39, compounds 40 and 41 were 
prepared in 76% by following the stated 
general procedure. Diastereomeric ratios were obtained via 1H NMR analysis of the crude reaction 
mixture (1.2:1 40:41). 1H NMR (500 MHz, BENZENE-d6)ppm 5.30 (d, J = 1.8 Hz, 1 H), 5.13 (t, J = 
2.0 Hz, 1 H), 4.92 (dd, J = 1.8, 0.7 Hz, 1 H), 4.64 (t, J = 2.1 Hz, 1 H), 3.98 - 3.78 (m, 6 H), 3.78 - 3.74 
(m, 1 H), 3.62 (dd, J = 5.2, 2.4 Hz, 1 H), 3.28 (s, 3 H), 3.07 - 2.98 (m, 1 H), 2.89 (ddd, J = 15.1, 12.9, 
6.8 Hz, 2 H), 2.59 (dd, J = 13.2, 12.0 Hz, 1 H), 2.50 - 2.41 (m, 1 H), 2.25 (dd, J = 13.1, 11.5 Hz, 1 H), 
0.92 - 0.84 (m, 9 H) 13C NMR (126 MHz, BENZENE-d6)ppm 173.6 (s), 171.8 (s), 149.0 (s), 144.0 (s), 
115.4 (s), 107.6 (s), 61.1 (s), 60.8 (s), 58.2 (s), 51.6 (s), 44.1 (s), 44.0 (s), 43.1 (s), 36.8 (s), 36.7 (s), 
13.8 (s), 13.7 (s) IR (Thin film, cm-1) 2917, 2849, 1730, 1446, 1367, 1256, 1162, 1096, 1026, 897, 715, 
506 LRMS (ESI) Calculated for C22H30O8Na+: 445.18, Found: 445.13. HPLC: Chiralpak IB, 97:3 
Hexanes/IPA, Retention Times (minutes): 7.5, 8.5; er: 30:70 Compound 41 1H NMR (500 MHz, 
CHLOROFORM-d)ppm 5.27 (d, J = 1.8 Hz, 1 H), 5.20 (t, J = 1.8 Hz, 1 H), 5.01 (t, J = 1.4 Hz, 1 H), 
4.89 (t, J = 1.7 Hz, 1 H), 4.22 - 4.08 (m, 6 H), 3.88 (d, J = 1.0 Hz, 1 H), 3.73 (s, 3 H), 3.09 (t, J = 5.3 Hz, 
1 H), 2.84 - 2.78 (m, 1 H), 2.77 - 2.69 (m, 1 H), 2.59 - 2.51 (m, 2 H), 2.48 - 2.41 (m, 1 H), 2.14 (dd, J = 
13.5, 12.60 Hz, 1 H), 1.28 - 1.21 (m, 9 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 172.8 (s), 
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172.5 (s), 171.7 (s), 144.3 (s), 115.1 (s), 112.7 (s), 61.5 (s), 61.3 (s), 61.2 (s), 58.8 (s), 51.8 (s), 48.5 
(s), 44.4 (s), 43.9 (s), 39.3 (s), 35.9 (s), 34.7 (s), 14.0 (s), 13.9 (s) LRMS (ESI) Calculated for 
C22H30O8Na+: 445.18, Found: 445.13 IR (Thin film, cm-1) 2921, 2850, 1727, 1452, 1273, 1177, 1098, 
1027, 714. HPLC: Chiralpak IB, 97:3 Hexanes/IPA, Retention Times (minutes): 9.7, 14.8; er: 71:29 
Compound 43: Compound 43 
was prepared in 72% after 2.25 hours 
using the stated general procedure 
with substrate 42 and ethyl allenoate 5. The product was obtained as a colorless residue. 1H NMR (500 
MHz, CHLOROFORM-d)ppm 5.27 - 5.24 (m, 1 H), 5.05 - 5.02 (m, 1 H), 5.01 - 4.98 (m, 1 H), 4.69 - 
4.67 (m, 1 H), 4.24 - 4.00 (m, 8 H), 3.51 (s, 1 H), 2.84 (dd, J = 13.5, 7.3 Hz, 1 H), 2.71 - 2.62 (m, 1 H), 
2.50 (dd, J = 12.5, 5.6 Hz, 1 H), 2.26 - 2.20 (m, 1 H), 2.16 - 2.09 (m, 2 H), 1.27 - 1.15 (m, 15 H) 13C 
NMR (126 MHz, CHLOROFORM-d)ppm 1756.0 (s), 173.3 (s), 172.4 (s), 171.6 (s), 148.0 (s), 144.1 
(s), 117.0 (s), 108.1 (s), 61.7 (s), 61.7 (s), 61.0 (s), 60.9 (s), 59.2 (s), 57.6 (s), 47.0 (s), 44.8 (s), 43.6 
(s), 36.2 (s), 35.9 (s), 17.3 (s), 14.3 (s), 14.3 (s) IR (Thin film, cm-1) 2980, 2918, 2360, 1732, 1636, 
1464, 1367, 1257, 1178, 1099, 1029, 904, 860, 714, 514 LRMS (ESI) Calculated for C24H34O8Na+: 
473.22, Found: 473.16. Chiralpak IA, 97:3 Hexanes/IPA, Retention Times (minutes): 8.7, 9.8; er: 78:22 
Compound 45: Compound 14 
was prepared in 62% after 2.5 hours 
using the stated general procedure 
with substrate 13 and ethyl allenoate 2. The product was obtained as a colorless residue. HPLC 
analysis on the product obtained from the standard reaction conditions showed it was produced in 
87:13 er. 1H NMR (500 MHz ,CHLOROFORM-d)ppm 5.36 (s, 2 H), 5.29 (s, 2 H), 4.87 (s, 2 H), 4.76 
(s, 2 H), 4.19 (q, J = 6.9 Hz, 12 H), 4.12 - 4.04 (m, 5 H), 4.04 - 3.91 (m, 5 H), 3.45 (dd, J = 7.6, 2.1 Hz, 
2 H), 3.07 (d, J = 14.0 Hz, 3 H), 3.02 (dd, J = 13.6, 2.4 Hz, 3 H), 2.77 - 2.68 (m, 3 H), 2.51 - 2.44 (m, 5 
H), 2.08 (d, J = 13.7 Hz, 3 H), 1.83 (dd, J = 13.7, 7.8 Hz Hz, 2 H), 1.28 - 1.23 (m, 9 H), 1.20 (t, J = 7.2 
Hz, 3 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 173.5 (s), 172.9 (s), 172.8 (s), 171.4 (s), 145.7 
(s), 144.2 (s), 114.4 (s), 107.4 (s), 61.8 (s), 61.5 (s), 60.8 (s), 60.6 (s), 58.4 (s), 52.6 (s), 51.4 (s), 47.0 
(s), 45.6 (s), 36.5 (s), 34.4 (s), 14.0 (s), 13.8 (s) IR (Thin film, cm-1) 2917, 2360, 1732, 1447, 1367, 
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1264, 1186, 1047, 860, 534 LRMS (ESI) Calculated for C23H32O8Na+: 459.20, Found: 459.14. HPLC: 
Chiralpak IA, 97:3 Hexanes/IPA, Retention Times (minutes): 8.1, 9.7; er: 87:13.  
Compound 47: Compound 47 
was prepared in 27% after 5 hours 
using the stated general procedure 
with substrate 46 and ethyl allenoate 5. The product was obtained as a colorless residue. 1H NMR (600 
MHz, CHLOROFORM-d) 5.32 (d, J = 0.7 Hz, 1 H), 5.26 (d, J = 0.7 Hz, 1 H), 4.86 (d, J = 0.7 Hz, 1 H), 
4.66 (d, J = 0.7 Hz, 1 H), 4.28 - 4.16 (m, 4 H), 4.13 (d, J = 7.2 Hz, 2 H), 3.40 (dd, J = 7.9, 2.3 Hz, 1 H), 
2.51 (dd, J = 13.6, 2.3 Hz, 1 H), 2.44 (d, J = 13.2 Hz, 1 H), 2.41 - 2.37 (m, 1 H), 2.32 - 2.23 (m, 2 H), 
1.99 (d, J = 13.6 Hz, 1 H), 1.80 (dd, J = 13.4, 7.72 Hz, 1 H), 1.29 - 1.24 (m, 9 H), 0.67 (s, 3 H) 13C NMR 
(151 MHz, CHLOROFORM-d) 174.3 (s), 173.0 (s), 172.5 (s), 147.0 (s), 145.0 (s), 114.7 (s), 107.9 
(s), 61.7 (s), 61.6 (s), 60.9 (s), 58.0 (s), 52.4 (s), 47.8 (s), 47.1 (s), 42.6 (s), 40.3 (s), 34.1 (s), 18.2 (s), 
14.1 (s), 14.0 (s) IR (Thin film, cm-1) 2979, 2934, 1728, 1453, 1369, 1263, 1243, 1210, 1178, 1045, 897 
LRMS (ESI) Calculated for C21H30O6Na+: 401.19, Found: 401.22. The enantiomers of this compound 
could not be resolved. 
Compound 57: Compound 57 
was prepared in 50% after 5 h using 
the stated general procedure with 
substrate 1 and t-Butyl allenoate 56. The product was obtained as a colorless oil. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 5.24 (d, J = 1.8 Hz, 1 H), 5.08 (s, 1 H), 5.02 (d, J = 1.2 Hz, 1 H), 4.73 (s, 1 
H), 4.24 – 4.18 (m, 4 H), 3.78 (d, J = 5.4 Hz, 1 H), 3.73 (s, 3 H), 3.00 (dd, J = 13.5, 7.2 Hz, 1 H), 2.57 
(dd, J = 11.4, 4.8 Hz, 1 H), 2.55 (dd, J = 12.3, 6.0 Hz, 1 H), 2.31 (dd, J = 11.7, 6.6 Hz, 1 H), 2.17 (t, J 
= 12.6 Hz, 1 H), 2.08 – 2.04 (m, 1 H), 1.93 (dd, J = 13.5, 11.4 Hz, 1 H), 1.40 (s, 9 H), 1.29 – 1.26 (m, 6 
H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.8 (s), 172.5 (s), 172.2 (s), 170.3 (s), 147.7 (s), 
145.3 (s), 115.0 (s), 107.6 (s), 81.3 (s), 61.6 (s), 61.5 (s), 58.0 (s), 52.6 (s), 51.7 (s), 49.2 (s), 49.0 (s), 
42.2 (s), 39.5 (s), 36.0 (s), 27.8 (s), 14.1 (s). IR (Thin film, cm-1) 2926, 1730, 1643. LRMS (ESI) 
Calculated for C24H34O8Na+: 473.22, Found: 473.26 HPLC: Chiralpak IB, 98:2 Hexanes/IPA, Retention 
Times (minutes): 7.2, 8.8; er: 82:18 
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Compound 59: Compound 59 
was prepared in 51% after 2 h using 
the stated general procedure with 
substrate 1 and anthracenyl 
allenoate 58. The product was 
obtained as a yellow solid. 1H NMR (600 MHz, CHLOROFORM-d)ppm 8.52 (s, 1 H), 8.30 (d, J = 8.7 
Hz, 2 H), 8.04 (d, J = 8.3 Hz, 2 H), 7.59 (ddd, J = 8.7, 6.8, 1.1 Hz, 2 H), 7.54 - 7.49 (m, 2 H), 6.11 (s, 2 
H), 5.14 (d, J = 1.5 Hz, 3 H), 4.93 (d, J = 1.1 Hz, 1 H), 4.91 (t, J = 1.7 Hz, 1 H), 4.65 (t, J = 1.7 Hz, 1 
H), 4.25 (qd, J = 7.2, 0.9 Hz, 2 H), 4.19 (qd, J = 7.1, 2.1 Hz, 2 H), 3.88 (d, J = 5.3 Hz, 1 H), 3.39 (s, 3 
H), 2.96 (dd, J = 13.6, 6.8 Hz, 1 H), 2.59 - 2.51 (m, 2 H), 2.48 - 2.32 (m, 1 H), 2.20 - 2.11 (m, 1 H), 2.09 
- 2.02 (m, 1 H), 1.93 (dd, J = 13.6, 11.3 Hz, 1 H), 1.31 (t, J = 7.1 Hz, 3 H), 1.26 (t, J = 7.1 Hz, 3 H). 13C 
NMR (151 MHz, CHLOROFORM-d)ppm 172.8 (s), 172.3 (s), 172.1 (s), 171.5 (s), 147.1 (s), 144.3 
(s), 131.3 (s), 131.1 (s), 129.1 (s), 129.0 (s), 126.6 (s), 126.1 (s), 125.1 (s), 124.2 (s), 115.7 (s), 108.1 
(s), 61.6 (s), 61.5 (s), 59.3 (s), 57.9 (s), 51.7 (s), 51.5 (s), 49.2 (s), 49.0 (s), 42.2 (s), 39.3 (s), 36.0 (s), 
14.1 (s), 14.1 (s). IR (Thin film, cm-1) 2982, 2926, 2360, 1729, 1625, 1527, 1447, 1367, 1297, 1258, 
1161, 1113, 1094, 1060, 1027, 962, 905, 859, 759, 734, 700, 631, 601, 658, 519, 509. LRMS 
Calculated for C35H36O8Na+: 607.23; Found: 607.22. HPLC: Chiralpak IA, 96:4 Hexanes/IPA, Retention 
Times (minutes): 18.8, 25.0; er: 68:32. 
Compound 61: Compound 61 
was prepared in 56% after 24 h 
using the stated general procedure 
with substrate 1 and cyclohexyl allenoate 60. The product was obtained as a colorless solid. The 
starting material and cycloadduct co-elute under a variety of chromatographic conditions. This requires 
a prolonged reaction time to ensure complete consumption of the starting material. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 5.25 (d, J = 1.9 Hz, 1 H), 5.08 - 5.06 (m, 1 H), 5.05 (d, J = 1.9 Hz, 1 H), 4.75 
- 4.70 (m, 2 H), 4.25 - 4.17 (m, 4 H), 3.86 (d, J = 4.9 Hz, 2 H), 3.72 (s, 3 H), 2.99 (dd, J = 13.6, 6.8 Hz, 
1 H), 2.60 (dd, J = 11.3, 5.3 Hz, 1 H), 2.54 (dd, J = 12.8, 5.7 Hz, 1 H), 2.39 - 2.31 (m, 1 H), 2.19 - 2.12 
(m, 1 H), 2.11 - 2.04 (m, 1 H), 1.94 (dd, J = 13.7, 11.5 Hz, 1 H), 1.81 - 1.67 (m, 4 H), 1.53 - 1.45 (m, 1 
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H), 1.45 - 1.30 (m, 4 H), 1.30 - 1.24 (m, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.8 (s), 
172.5 (s), 172.2 (s), 170.7 (s), 147.5 (s), 145.0 (s), 115.2 (s), 107.8 (s), 73.1 (s), 61.6 (s), 61.5 (s), 57.94 
(s), 51.9 (s), 51.8 (s), 49.2 (s), 49.0 (s), 42.2 (s), 39.5 (s), 36.0 (s), 31.3 (s), 31.2 (s), 25.4 (s), 23.4 (s), 
14.1 (s). IR (Thin film, cm-1) 3085, 2981, 2937, 2860, 2359, 1729, 1637, 1448, 1367, 1298, 1252, 1175, 
1113, 1094, 1031, 904, 861, 755, 646, 601, 513. LRMS (ESI) Calculated: C26H36O8Na+ = 499.23; 
Found: 499.22. HPLC: Chiralpak IB, 98:2 Hexanes/IPA, Retention times (minutes): 9.5, 10.5; er: 74:26 
Compound 63: Compound 63 
was prepared in 51% after 2 h using 
the stated general procedure with 
substrate 1 and phenyl allenoate 62. The product was obtained as a colorless solid. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 7.39 - 7.34 (m, 2 H), 7.24 - 7.20 (m, 1 H), 7.07 - 7.04 (m, 2 H), 5.37 (d, J = 
1.5 Hz, 1 H), 5.21 (d, J = 1.5 Hz, 1 H), 5.17 (t, J = 1.7 Hz, 1 H), 4.81 - 4.78 (m, 1 H), 4.24 - 4.19 (m, 4 
H), 4.11 (d, J = 5.3 Hz, 1 H), 3.76 (s, 3 H), 2.99 (dd, J = 13.6, 6.8 Hz, 1 H), 2.73 (dd, J = 11.5, 5.1 Hz, 
1 H), 2.62 - 2.56 (m, 1 H), 2.52 - 2.44 (m, 1 H), 2.20 - 2.12 (m, 1 H), 2.00 (dd, J = 13.7, 11.5 Hz, 1 H), 
1.27 (td, J = 7.1, 4.0 Hz, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.8 (s), 172.5 (s), 172.1 
(s), 170.0 (s), 150.7 (s), 147.0 (s), 144.3 (s), 129.3 (s), 125.9 (s), 121.5 (s), 116.1 (s), 108.5 (s), 61.7 
(s), 61.6 (s), 57.9 (s), 52.1 (s), 51.4 (s), 49.3 (s), 49.1 (s), 42.2 (s), 39.4 (s), 36.0 (s), 14.1 (s). IR (Thin 
film, cm-1) 3084, 2983, 2953, 1729, 1636, 1592, 1493, 1443, 1389, 1298, 1259, 1194, 1163, 1119, 
1095, 1060, 1026, 907, 860, 743, 690, 540, 530, 516, 504. LRMS (ESI) Calculated: C26H30O8Na+ = 
493.18; Found: 493.14. HPLC: Chiralpak IA, 97:3 Hexanes/IPA, Retention Times (minutes): 14.2, 27.5; 
er: 76:24 
Compound 65: Compound 65 
was prepared in 66% after 2 h using 
the stated general procedure with 
substrate 1 and anisyl allenoate 64. The product was obtained as a colorless solid. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 6.99 - 6.94 (m, 2 H), 6.89 - 6.85 (m, 2 H), 5.36 (d, J = 1.5 Hz, 1 H), 5.20 (d, 
J = 1.5 Hz, 1 H), 5.16 (t, J = 1.7 Hz, 1 H), 4.80 - 4.78 (m, 1 H), 4.24 - 4.18 (m, 4 H), 4.08 (d, J = 5.3 Hz, 
1 H), 3.80 (s, 3 H), 3.75 (s, 3 H), 2.98 (dd, J = 13.7, 7.0 Hz, 1 H), 2.72 (dd, J = 11.5, 5.1 Hz, 1 H), 2.60 
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- 2.56 (m, 1 H), 2.46 (dd, J = 11.7, 6.8 Hz, 1 H), 2.19 - 2.12 (m, 2 H), 1.99 (dd, J = 13.7, 11.5 Hz, 1 H), 
1.27 (td, J = 7.2, 2.6 Hz, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.8 (s), 172.5 (s), 172.1 
(s), 170.3 (s), 157.3 (s), 147.1 (s), 144.4 (s), 144.2 (s), 122.2 (s), 116.0 (s), 114.4 (s), 108.4 (s), 61.6 
(s), 61.6 (s), 57.9 (s), 55.6 (s), 52.1 (s), 51.4 (s), 49.3 (s), 49.1 (s), 42.2 (s), 39.4 (s), 36.0 (s), 14.1 (s). 
IR (Thin film, cm-1) 3086, 2982, 2953, 2838, 1729, 1636, 1597, 1558, 1541, 1506, 1457, 1442, 1388, 
1367, 1337, 1299, 1250, 1193, 1119, 1060, 1031, 908, 860, 840, 822, 801, 756, 703, 525. LRMS 
Calculated for C27H32O9Na+: 523.19; Found: 523.18. HPLC: Chiralpak IB, 93:7 Hexanes/IPA, Retention 
times: 12.0 and 17.1; er: 77:23 
Compound 68: Compound 68 was 
prepared in 80% after 2 h using the 
stated general procedure with substrate 
67 and ethyl allenoate 5. The product was obtained as a colorless residue. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 5.24 (d, J = 1.9 Hz, 1 H), 5.06 (s, 2 H), 4.72 (s, 1 H), 4.24 - 4.18 (m, 4 H), 
4.15 - 4.05 (m, 2 H), 3.82 (d, J = 4.9 Hz, 1 H), 2.99 (dd, J = 13.6, 6.8 Hz, 1 H), 2.53 (dd, J = 8.1, 6.0 
Hz, 1 H), 2.50 (dd, J = 6.6, 5.4 Hz, 1 H), 2.38 (qd, J = 11.7, 7.0 Hz, 1 H), 2.18 (t, J = 12.4 Hz, 1 H), 2.08 
- 2.01 (m, 1 H), 1.95 (dd, J = 13.6, 11.7 Hz, 1 H), 1.47 (s, 9 H), 1.29 - 1.25 (m, 6H), 1.22 (t, J = 7.2 Hz, 
3 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.9 (s), 172.2 (s), 171.2 (s), 171.0 (s), 147.6 (s), 
145.1 (s), 115.1 ( s), 107.7 (s), 81.1 (s), 61.6 (s), 61.5 (s), 60.7 (s), 58.0 (s), 51.7 (s), 50.2 (s), 49.0 (s), 
42.2 (s), 39.5 (s), 36.0 (s), 28.0 (s), 14.1 (s), 14.1 (s). IR (Thin film, cm-1) 2980, 2931, 1731, 1457, 1368, 
1257, 1158. LRMS (ESI) Calculated for C25H36O8Na+: 487.23, Found: 487.21. HPLC: Chiralpak IA, 98:2 
Hexanes/IPA, Retention Times (minutes): 6.9, 13.4; er: 83:17 
Compound 70: Compound 70 
was prepared in 82% after 2 h using 
the stated general procedure with 
substrate 69 and benzyl allenoate 53. The product was obtained as a colorless oil. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 7.39 - 7.32 (m, 3 H), 7.30 (d, J = 6.8 Hz, 2 H), 5.30 (s, 1 H), 5.13 - 5.11 (m, 
2 H), 5.05 - 5.03 (m, 2 H), 4.74 (s, 1 H), 4.37 - 4.31 (m, 1 H), 4.28 - 4.19 (m, 5 H), 3.98 (d, J = 5.3 Hz, 
1 H), 3.02 (dd, J = 13.6, 6.8 Hz, 1 H), 2.72 (dd, J = 11.5, 5.1 Hz, 1 H), 2.53 (dd, J = 12.6, 5.5 Hz, 1 H), 
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2.33 (qd, J = 11.7, 6.8 Hz, 1 H), 2.20 - 2.16 (m, 1 H), 2.13 - 2.08 (m, 1 H), 1.98 (dd, J = 13.7, 11.5 Hz, 
1 H), 1.30 – 1.26 (m, 6 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 172.7 (s), 172.0 (s), 170.7 
(s), 170.2 (s), 146.8 (s), 144.0 (s), 135.5 (s), 128.5 (s), 128.3 (s), 128.2 (s), 122.0 (d, J = 276.3 Hz, 
CF3), 116.2 (s), 108.5 (s), 66.9 (s), 61.7 (s), 61.6 (s), 60.6 (q, J = 36.2 Hz, CF3), 57.9 (s), 51.4 (s), 48.9 
(s), 48.7 (s), 42.1 (s), 39.2 (s), 35.9 (s), 14.0 (s). 19F NMR (564 MHz, CHLOROFORM-d)ppm -73.59 
(s). IR (Thin film, cm-1) 2982, 1736, 1455, 1412, 1368, 1278, 1261, 1167, 975, 910. LRMS (ESI) 
Calculated for C28H31F3O8H+: 553.20, Found: 553.22.HPLC: Chiralpak IA, 97:3 Hexanes/IPA, Retention 
Times (12.4, 17.2; er: 77:23 
Compound 72: Compound 72 
was prepared in 65% after 2 h using 
the stated general procedure with 
substrate 71 and ethyl allenoate 5. 
The product was obtained as a colorless oil. 1H NMR (400 MHz ,CHLOROFORM-d)ppm 7.41 - 7.32 
(m, 5 H), 5.34 (d, J = 1.5 Hz, 1 H), 5.30 - 5.28 (m, 1 H), 5.00 (d, 2 H), 4.90 (d, 1 H), 4.87 (m, 1 H), 4.74 
(br, s, 1 H), 4.22 - 4.15 (qd, J = 7.0, 1.6 Hz, 2 H), 4.11 - 4.00 (m, 4 H), 3.48 (dd, J = 7.5, 2.8 Hz, 1 H), 
3.12 (d, J = 13.8 Hz, 1 H), 3.08 (dd, J = 13.6, 2.8 Hz, 1 H), 2.75 - 2.68 (m, 1 H), 2.53 - 2.48 (m, 2 H), 
2.08 (d, J = 13.6 Hz, 1 H), 1.85 (dd, J = 13.7, 7.7 Hz, 1 H), 1.27 - 1.16 (m, 9 H). 13C NMR (151 MHz 
,CHLOROFORM-d)ppm 173.4 (s), 172.9 (s), 172.7 (s), 171.3 (s), 145.5 (s), 144.1 (s), 135.7 (s), 
128.5 (2 x CH), 128.3 (2 x CH), 128.0 (s), 114.4 (s), 107.7 (s), 66.7 (s), 61.8 (s), 61.5 (s), 60.9 (s), 58.34 
(s), 52.8 (s), 51.4 (s), 47.0 (s), 45.8 (s), 36.6 (s), 34.4 (s), 14.0 (s), 14.0 (s). IR (Thin film, cm-1) 3446, 
2981, 2933, 1731, 1455, 1263, 1186, 1052, 698. LRMS (ESI) Calculated for C28H34O8H+: 499.23, 
Found: 499.26 HPLC: Chiralpak IA, 98:2 Hexanes/IPA, Retention Times (minutes): 17.0, 19.2; er: 
87:13. 
Compound 74: Compound 74 
was prepared in 62% after 2 h using 
the stated general procedure with 
substrate 73 and ethyl allenoate 5. 
The product was obtained as a colorless oil. 1H NMR (600 MHz, CHLOROFORM-d)ppm 8.02 (d, J 
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= 8.4 Hz, 2 H), 7.45 (br, s, 2 H), 5.53 (s, 1 H), 5.45 (d, J = 1.8 Hz, 1 H), 4.91 (s, 1 H), 4.85 (d, J = 1.8 
Hz, 1 H), 4.33 (d, J = 6.6 Hz, 1 H), 4.15 (q, J = 7.2 Hz, 2 H), 4.12 – 4.09 (m, 1 H), 4.08 - 3.99 (m, 3 H), 
3.94 (s, 3 H), 3.78 (d, J = 7.2 Hz, 1 H), 3.64 (s, 3 H), 2.93 – 2.89 (m, 1 H), 2.66 – 2.61 (m, 2 H), 2.54 
(dd, J = 13.2, 7.8 Hz, 1 H), 1.49 (d, J = 13.8 Hz, 1 H), 1.23 (t, J = 7.2 Hz, 3 H), 1.18 (t, J = 7.2 Hz, 3 H), 
1.08 (t, J = 7.2 Hz, 3 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 174.8 (s), 172.3 (s), 171.9 (s), 
171.3 (s), 166.8 (s), 145.4 (s), 145.3 (s), 143.3 (s), 129.9 (s), 129.8 (s), 129.4 (s), 129.3 (s), 112.9 (s), 
107.8 (s), 61.7 (s), 61.6 (s), 61.1 (s), 58.0 (s), 55.9 (s), 52.1 (s), 52.0 (s), 51.8 (s), 47.3 (s), 46.2 (s), 
42.3 (s), 34.0 (s), 14.0 (s), 13.8 (s). IR (Thin film, cm-1) 3443, 3062, 2982, 2956, 1729, 1612, 1435, 
1367, 1281, 1260, 1186, 1108, 1043, 861. LRMS (ESI) Calculated for C30H36O10H+: 557.24; Found: 
557.20. HPLC: Chiralpak IB, 98:2 Hexanes/IPA, Retention Times (minutes): 11.0, 12.8; er: 84:16.  
Compound 76: Compound 76 was 
prepared in 63% after 2 h using the stated 
general procedure with substrate 75 and 
ethyl allenoate 5. The product was obtained as a white solid. 1H NMR (600 MHz, CHLOROFORM-
d)ppm 7.92 (d, J = 8.4 Hz, 2 H), 7.35 (d, J = 7.8 Hz, 2 H), 5.33 (s, 1 H), 5.23 (d, J = 1.8 Hz, 1 H), 
5.08 (s, 1 H), 4.75 (d, J = 2.4 Hz, 1 H), 4.22 – 4.15 (m, 3 H), 4.07 (q, J = 7.2 Hz, 2 H), 3.80 (dd, J = 
10.8, 9.6 Hz, 1 H), 3.72 (d, J = 5.4 Hz, 1 H), 3.30 (dd, J = 14.1, 11.4 Hz,1 H), 2.83 (dd, J = 12.0, 5.4 
Hz, 1 H), 2.57 – 2.53 (m, 1 H), 2.47 (s, 3 H), 1.28 (t, J = 7.2 Hz, 3 H), 1.22 (t, J = 7.2 Hz, 3 H). 13C NMR 
(151 MHz, CHLOROFORM-d)ppm 170.7 (s), 170.4 (s), 169.8 (s), 145.2 (s), 143.3 (s), 142.4 (s), 
135.3 (s), 129.9 (s), 127.9 (2 x CH), 116.8 (s), 109.0 (s), 61.4 (s), 61.2 (s), 50.9 (s), 48.5 (s), 45.3 (s), 
44.5 (s), 42.8 (s), 21.7 (s), 14.0 (s), 14.0 (s). IR (Thin film, cm-1) 3448, 2982, 2926, 1737, 1646, 1365, 
1187, 1171, 1086, 814, 733, 665, 582, 546. LRMS (ESI) Calculated for C23H27NO7SH+: 462.16; Found: 
462.16. HPLC: Chiralpak IA, 80:20 MTBE/DCM, Retention Times (minutes): 5.3, 10.0; er: 61:39 
Compound 78: Compound 78 
was prepared in 58% after 2 h using 
the stated general procedure with 
substrate 77 and ethyl allenoate 5. The product was obtained as a colorless oil. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 7.30 (d, J = 7.8 Hz, 1 H), 7.19 (t, J = 6.6 Hz, 1 H), 7.16 - 7.13 (m, 2 H), 5.33 
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(d, J = 1.2 Hz, 1 H), 5.23 (s, 1 H), 5.06 (s, 1 H), 4.92 (s, 1 H), 4.36 - 4.28 (m, 2 H), 4.17 – 4.09 (m, 2 H), 
3.90 (d, J = 6.0 Hz, 1 H), 3.69 (t, J = 12.0 Hz, 1 H), 3.04 (dd, J = 11.7, 6.0 Hz, 1 H), 2.96 (d, J = 7.8 Hz, 
2 H), 2.57 - 2.52 (m, 1 H), 1.37 (t, J = 7.2 Hz, 3 H), 1.26 (t, J = 7.2 Hz, 3 H). 13C NMR (151 MHz, 
CHLOROFORM-d)ppm 172.3 (s), 171.07 (s), 147.7 (s), 144.5 (s), 144.2 (s), 143.5 (s), 126.6 (s), 
126.2 (s), 124.7 (s), 123.3 (s), 114.7 (s), 107.4 (s), 61.0 (s), 60.9 (s), 52.7 (s), 52.5 (s), 48.9 (s), 46.4 
(s), 33.3 (s), 14.2 (s), 14.1 (s). IR (Thin film, cm-1) 3434, 1641, 1176. LRMS (ESI) Calculated for 
C21H24O4H+, 341.18; Found: 341.18. HPLC: Chiralpak IB, 99:1 Hexanes/IPA, Retention Times 
(minutes): 9.1, 10.9; er: 81:19. 
Compound 80: Compound 80 
was prepared in 58% after 2 h using 
the stated general procedure with 
substrate 79 and ethyl allenoate 5. The product was obtained as a colorless oil. 1H NMR (300 MHz, 
CHLOROFORM-d)ppm 5.23 (d, J = 1.8 Hz, 1 H), 5.15 - 4.96 (m, 4 H), 4.64 (d, J = 1.8 Hz, 1 H), 4.04 
(q, J = 7.2 Hz, 2 H), 3.88 (d, J = 4.9 Hz, 1 H), 2.54 (dd, J = 11.5, 5.0 Hz, 1 H), 2.36 (dq, J = 11.6, 6.5 
Hz, 1 H), 2.11 - 1.99 (m, 2 H), 1.65 (dd, J = 12.3, 6.1 Hz, 1 H), 1.50 - 1.39 (m, 1 H), 1.17 (t, J = 7.1 Hz, 
3 H), 1.13 - 1.08 (m, 3 H), 1.06 (s, 3 H)  
E. Modified adducts 
Compound 50: Compound 23 was subjected 
to reductive desulfonylation as using a 
modification of a method described previously.187 
To a vial containing previously activated Mg metal (22 mg, 0.90 mmol, 25 eq) was added anhydrous 
MeOH (1.8 mL). This was heated to 50 °C with vigorous stirring until gas evolution started, at which 
point the reaction was cooled to room temperature and a solution of 23 (20 mg, 0.036 mmol, 1 eq), in 
THF (90 L), was added. This was stirred vigorously until the substrate was completely consumed 
(TLC). At this point, the reaction was cooled to 0 °C and diluted with Et2O. To the solution, 3N HCl was 
slowly added until the cessation of gas evolution. The organic layer was separated, and the aqueous 
layer was extracted twice with additional Et2O. The combined organic layers were washed thrice with 
water and once with and brine. The solution was dried with MgSO4 and concentrated to gave a colorless 
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oil. Purification was accomplished via column chromatography (1% to 5% Acetone in Pentane) to give 
a colorless oil (5.1 mg, 51%). Reductions at higher temperatures led to epimerization and/or 
transesterification and reductions using NaHg led to partial reduction of the diene. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 5.26 (d, J = 1.9 Hz, 1 H), 5.07 (t, J = 2.07 Hz, 1 H), 5.02 (d, J = 1.9 Hz, 1 H), 
4.73 (s, 1 H), 4.11 (dddd, J = 18.4, 11.1, 7.1, 3.8 Hz, 2 H), 3.85 (d, J = 5.3 Hz, 1 H), 3.72 (s, 4 H), 2.58 
(dd, J = 11.5, 5.1 Hz, 1 H), 2.28 - 2.22 (m, 1 H), 2.15 - 2.09 (m, 1 H), 1.89 - 1.84 (m, 2 H), 1.77 (m, J = 
11.0, 8.2, 3.0 Hz, 3 H), 1.63 - 1.54 (m, 2 H), 1.23 (t, J = 7.10 Hz, 3 H) 13C NMR (151 MHz, 
CHLOROFORM-d)ppm 173.1 (s), 171.5 (s), 149.0 (s), 145.8 (s), 114.5 (s), 107.3 (s), 60.8 (s), 52.0 
(s), 51.7 (s), 50.4 (s), 49.9 (s), 43.0 (s), 30.6 (s), 26.5 (s), 21.7 (s), 14.1 (s) IR (Thin film, cm-1) 2952, 
2870, 1735, 1636, 1434, 1367, 1177, 1038, 900 LRMS (ESI) Calculated for C16H22O4Na+: 301.14; 
Found: 301.15. 
Compound 51: Compound 51 
was prepared in 77% after 24 h 
using a modified version of the 
stated general procedure with substrate 1 and ethyl allenoate 5. After the consumption of 1 (TLC), the 
reaction was cooled to room temperature and sparged with H2. The reaction was allowed to stir at 60 
°C overnight under 1 atmosphere (balloon) of H2. The following morning the reaction was cooled to 
room temperature, filtered through Celite, and concentrated. Column chromatography (10% to 20% 
EtOAc in Hexanes) provided a 77% yield of 23 as a colorless residue. NMR analysis showed a small 
amount of an undetermined olefin regioisomer present with 23. 1H NMR (600 MHz, CHLOROFORM-
d)ppm 4.22 - 4.18 (m, 4 H), 4.16 - 4.07 (m, 2 H), 3.70 (s, 3 H), 3.40 (d, J = 6.4 Hz, 1 H), 2.82 (dd, J 
= 13.2, 6.4 Hz, 1 H), 2.70 (dd, J = 11.7, 6.4 Hz, 1 H), 2.63 (dd, J = 12.6, 6.2 Hz, 1 H), 2.40 (qd, J = 
11.7, 6.4 Hz, 1 H), 2.13 - 2.05 (m, 1 H), 1.96 - 1.86 (m, 2 H), 1.72 (s, 3 H), 1.67 (s, 3 H), 1.30 - 1.24 (m, 
9 H) 13C NMR (151 MHz, CHLOROFORM-d)ppm 173.0 (s), 172.9 (s), 172.7 (s), 172.1 (s), 131.8 (s), 
123.1 (s), 61.5 (s), 61.5 (s), 60.8 (s), 58.2 (s), 51.7 (s), 50.9 (s), 50.9 (s), 48.8 (s), 47.7 (s), 40.0 (s), 
38.1 (s), 37.5 (s), 17.5 (s), 16.2 (s), 14.2 (s), 14.1 (s) IR (Thin film, cm-1) 2982, 1730, 1444, 1388, 1367, 
1330, 1257, 1181, 1143, 1115, 1095, 1062, 1032, 915, 860, 801, 737, 702, 591, 546, 533, 521, 513, 
502 LRMS (ESI) Calculated for C22H32O8Na+: 447.20; Found: 447.17. 
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Compound 52: Compound 52 
was prepared in 80% using a 
modified version of the stated 
general procedure with substrate 1 and ethyl allenoate 5. Upon consumption of 1 (TLC), the reaction 
was concentrated, to which toluene (440 L) and dimethyl acetylene dicarboxylate (25.6 mg, 0.18 
mmol, 2 eq) were added without effort to exclude air. The reaction was stirred at 100 °C overnight. The 
following morning the solution was transferred to a vial containing 2,3-Dichloro-5,6-
Dicyanobenzoquinone (41 mg, 0.18 mmol, 2 eq). This was allowed to stir for 48 hours at 40 °C, at which 
time it was cooled to room temperature, diluted with Et2O, and washed thrice with 1:1 1M sodium 
hydroxide/ 1M Sodium thiosulfate, once with water, and once with brine. The yellow solution was dried 
with MgSO4 and concentrated. The oil was purified by column chromatography (30% to 50% EtOAc in 
Hexanes); however, NMR indicated that the 52 was contaminated with small amounts of 
uncharacterized by-products. 1H NMR (600 MHz, CHLOROFORM-d)ppm 7.84 (s, 1 H), 7.53 (s, 1 
H), 4.37 (d, J = 6.4 Hz, 1 H), 4.26 - 4.19 (m, 4 H), 4.16 - 4.06 (m, 1 H), 3.95 - 3.88 (m, 6 H), 3.76 (s, 3 
H), 3.16 - 3.06 (m, 2 H), 2.91 (dd, J = 11.1, 6.2 Hz, 1 H), 2.77 - 2.59 (m, 2 H), 2.19 (t, J = 12.4 Hz, 1 H), 
2.08 (dd, J = 13.6, 11.7 Hz, 1 H), 1.32 - 1.22 (m, 9 H) 13C NMR (126 MHz, CHLOROFORM-d)ppm 
172.5 (s), 172.2 (s), 171.0 (s), 147.6 (s), 145.7 (s), 144.4 (s), 128.5 (s), 125.4 (q, J = 4.50 Hz), 125.2 
(s), 114.6 (s), 107.9 (s), 61.6 (s), 61.5 (s), 60.2 (s), 57.8 (s), 56.7 (s), 50.2 (s), 49.2 (s), 42.3 (s), 38.9 
(s), 36.5 (s), 14.1 (s), 14.0 (s), 13.7 (s) IR (Thin film, cm-1) 2982, 2954, 1731, 1612, 1561, 1437, 1390, 
1367, 1300, 1256, 1182, 1154, 1095, 1038, 922, 859, 789, 736, 702, 555, 527, 517 LRMS (ESI) 
Calculated for C28H34O12Na+: 585.19; Found: 585.16. 
Compound 82: Compound 82 was 
prepared in 57% after 3.5 h using the 
stated general procedure with substrate 
81 and benzyl allenoate 53. The product 
was obtained as a colorless oil. 1H NMR (600 MHz, CHLOROFORM-d)ppm 5.88 (d, J = 16.9 Hz, 2 
H), 5.55 (s, 1 H), 5.38 (s, 1 H), 5.17 - 5.11 (m, 1 H), 4.83 - 4.76 (m, 1 H), 4.33 - 4.20 (m, 4 H), 3.34 - 
3.28 (m, 1 H), 3.22 - 3.17 (m, 1 H), 2.69 (dd, J = 15.2, 11.5 Hz 1 H), 2.32 (dd, J = 2.3, 15.1 Hz, 1 H), 
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2.11 (d, J = 1.5 Hz, 2 H), 1.28 (dt, J = 7.2, 4.1 Hz, 7 H). 13C NMR (151 MHz, CHLOROFORM-d)ppm 
173.3 (s), 169.8 (s), 169.7 (s), 165.1 (s), 162.0 (s), 149.9 (s), 139.8 (s), 118.7 (s), 117.3 (s), 116.5 (s), 
77.1 (s), 74.0 (s), 62.6 (s), 62.6 (s), 55.4 (s), 41.0 (s), 32.6 (s), 18.7 (s), 14.0 (s), 13.9 (s). IR (Thin film, 
cm-1) 2982, 2928, 1782, 1730, 1636, 1445, 1369, 1195, 1077, 1027, 890, 860, 733. LRMS (ESI) 
Calculated for C20H24O8Na+: 415.14; Found: 415.10 HPLC: Chiralpak IA, 80:20 Hexanes/IPA, 
Retention Times (minutes): 16.0, 17.3 er: 94:6 
F. Ligands 
The preparation of new (R)-H8-BINAP derivatives was performed using a modified version of a 
known procedure (Figure 24).124 The method for accessing these compounds is via the sequential cross 
coupling of each diarylphosphine unit onto the bistriflate of enantiopure H8-BINOL. The reduction of 
(R)-BINOL was performed as previously described,188 except that 30 psi of H2 were used. This 
modification decreases the reaction time from 36 h to less than 8 h. The preparation of the bistriflate of 
(R)-H8-BINOL was performed using a standard literature procedure.189 These steps proceed in greater 
than 95% yield. Generally, the first cross coupling, conducted with a phosphine oxide, proceeds without 
event in good yield 65 – 85 %. However, very low yields were typically obtained for the second cross 
coupling, which was performed using the borane adduct of the requisite diarylphosphine. The reason 
for the low yields was not identified. Several of the newly prepared derivatives were not fully 
characterized because only a few milligrams of ligand were ever made. The poor performance of the 
ligands in the cycloaddition did not require their subsequent preparation. The optical rotation of the (R)-
BINOL starting material matched that reported in the literature, but because the phosphines are 
moderately air sensitive in solution, optical rotation of the final compounds was not measured. 
Ligand 44: To a vial in 
a glove box, (R)-H8-BINOL 
bis triflate (150 mg, 0.269 
mmol, 1 eq) bis(4-chlorophenyl)phosphine oxide190 (145 mg, 0.537 mmol, 2 eq), palladium acetate (15 
mg, 0.067 mmol, 15 mol %, diphenylphosphinobutane (29 mg, 0.067, 15 mol %), and DMSO (1.1 mL). 
The reaction was removed from the glove box and dry Hunig’s base (277 L, 1.59 mmol, 5.9 eq) was 
added. The reaction was heated to 115 °C for 19 h, at which time TLC showed complete consumption 
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of starting material. The reaction was cooled to room temperature, diluted with EtOAc, and washed five 
times with water and once with brine. The resulting solution was dried with MgSO4 and concentrated. 
Purification by column chromatography (10% Et2O in DCM) provided 122 mg (67%) of a tan solid. To 
a vial containing the mono-triflate-phoshpine-oxide (100 mg, 0.143 mmol, 1 eq) was added toluene 
(600 L), dry triethylamine (90 L, 0.645 mmol, 4.5 eq) and trichlorosilane (127 L, 1.26 mmol, 8.8 eq) 
were added at °C. The reaction was warmed to room temperature, sealed, and heated to 110 °C 
overnight. The following morning the reaction was diluted with 2:1 EtOAc/Hexanes and eluted through 
a long silica plug. The solution was concentrated, dissolved in DCM, and filtered through cotton into a 
new flask. This was repeated until no new insoluble formed. Concentrating the final solution revealed 
a white solid 85 mg (93%), which was used without further purification. To a vial containing the mono-
triflate-phosphine (85 mg, 0.133 mmol, 1 eq) was added bis(4-chlorophenyl)phosphine/borane adduct 
(92 mg, 0.307 mmol, 2.3 eq), 1,4-diazabicyclo[2.2.2]octane (52 mg, 0.466 mmol, 3.5 eq), 1,2-
Bis(diphenylphosphino)ethane nickel(II) chloride (20 mg, 0.037, 28 mol %), and DMF (370 L). The vial 
was removed from the glove box and heated to 110 °C for 4 h, at which time TLC indicated complete 
consumption of starting material. The reaction was cooled to room temperature, diluted with EtOAc, 
washed with water, 2 N HCl, water, and brine. The resulting solution was dried with MgSO4 and 
concentrated to give a tan solid. Purification (2.5 % EtOAc in Hexanes) revealed 37 mg (36 %) of a 
white, fluffy solid. 1H NMR (600 MHz, CHLOROFORM-d)ppm 7.34 - 7.29 (m, 4 H), 7.17 - 7.12 (m, 4 
H), 7.08 (d, J = 7.9 Hz, 2 H), 7.06 - 7.00 (m, 4 H), 7.00 - 6.97 (m, 2 H), 6.94 (t, J = 8.9 Hz, 4 H), 2.80 - 
2.66 (m, 4 H), 1.88 (ddd, J = 17.0, 8.2, 5.3 Hz, 2 H), 1.61 - 1.47 (m, 6 H), 1.37 (dddd, J = 13.4, 10.0, 
6.3, 3.0 Hz, 2 H), 1.02 – 0.94 (m, 2 H). 13C NMR (151 MHz, CHLOROFORM-d) See included spectrum 
31P NMR (243 MHz, CHLOROFORM-d)ppm -18.62 (s). LRMS (ESI) Calculated for C44H36P2Cl4H+: 
767.11; Found 767.15. 
Ligand 48: Ligand 48 
was prepared sing the 
same procedure as that to 
prepare L44. The necessary diarylphosphine groups have been previously reported.191 1H NMR (600 
MHz, CHLOROFORM-d)ppm 7.32 (br, s, 2H), 7.23 – 7.20 (m, 9H), 7.11 (d, J = 7.8 Hz, 3H), 7.01 (d, 
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J = 7.8 Hz, 2H), 2.72 (dt, J = 16.8, 6.0 Hz, 2H), 2.64 (dt, J = 16.8, 6.6 Hz, 2H), 1.85 (dt, J = 16.8, 7.2 
Hz, 2H), 1.73 (dt, J = 17.4, 6.0 Hz, 2H), 1.54 – 1.51 (m, 1H), 1.45 – 1.44 (m, 1H), 1.29 (d, J = 4.8 Hz, 
6H), 1.26 – 1.25 (m, 33H), 1.16 (36 H), 0.93 – 0.89 (m, 3H). 13C NMR Please see included spectrum. 
31P NMR (162 MHz, CHLOROFORM-d)ppm -14.40 (s). IR (Thin film, cm-1) 3419.2, 3041.2, 2962.1, 
2867.6, 1588.1, 1476.2, 1419.3, 1362.5, 1248.6, 1131.1, 875.5, 710.6 cm-1. LRMS (ESI) Calculated for 
C76H104P2H+: 1079.77; Found: 1079.66. 
Ligand 49: Ligand 49 
was prepared sing the 
same procedure as that to 
prepare L44. The p-OMe-
Ph diarylposphine unit was appended first (as bis(p-methoxyphenyl)phosphine oxide192). The p-OMe-
Ph diarylphosphine moiety was appended via the use of the borane adduct of diphenylphosphine.193 
1H NMR (600 MHz, CHLOROFORM-d)ppm 7.39 - 7.34 (m, 4 H), 7.34 - 7.26 (m, 11 H), 7.26 - 7.21 
(m, 10 H), 7.18 - 7.13 (m, 4 H), 7.08 - 7.01 (m, 8 H), 6.86 (d, J = 8.7 Hz, 4 H), 6.79 (dd, J = 8.7, 1.1 Hz, 
4 H), 3.85 - 3.80 (m, 7 H), 3.77 (s, 3 H), 2.78 - 2.65 (m, 4 H), 1.92 - 1.82 (m, 2 H), 1.63 - 1.44 (m, 6 H), 
1.39 - 1.27 (m, 2 H), 1.00 (td, J = 8.6, 4.2 Hz, 1 H), 0.92 (dt, J = 8.8, 4.0 Hz, 1 H). 31P NMR (243 MHz, 
CHLOROFORM-d) -16.14 (d, J = 29.4 Hz, 1 P), -19.71 (d, J = 29.4 Hz, 1 P) 
Ligand 50: Ligand 50 
was prepared sing the 
same procedure as that to 
prepare L44. The p-CF3-
Ph diarylposphine unit was appended first (as bis(p-trifluoromethlphenyl)phosphine oxide194). The p-
OMe-Ph diarylphosphine moiety was appended via the use of the borane adduct of bis(p-
methoxyphenyl)phosphine.193 1H NMR (600 MHz, CHLOROFORM-d)ppm 7.59 (d, J = 7.9 Hz, 2 H), 
7.53 - 7.42 (m, 4 H), 7.35 - 7.27 (m, 2 H), 7.25 (dd, J = 8.7, 7.5 Hz, 2 H), 7.14 - 7.07 (m, 4 H), 7.04 (dd, 
J = 7.7, 3.6 Hz, 2 H), 6.87 (d, J = 8.7 Hz, 2 H), 6.77 (dd, J = 8.7, 1.1 Hz, 2 H), 3.83 (s, 3 H), 3.76 (s, 3 
H), 2.82 - 2.70 (m, 4 H), 1.95 - 1.87 (m, 2 H), 1.67 (dt, J = 17.0, 6.0 Hz, 1 H), 1.63 - 1.50 (m, 4 H), 1.44 
- 1.35 (m, 2 H), 1.13 - 1.04 (m, 1 H), 1.04 - 0.96 (m, 1 H). 13C NMR (151 MHz, CHLOROFORM-d) Due 
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to the complexity of the spectrum because of C-F and C-P coupling, the spectrum is not summarized. 
Please see the included spectrum. Minor grease and solvent peaks are present in the alkyl region of 
the spectrum. 31P NMR (194 MHz, CHLOROFORM-d)ppm -15.94 (d, J = 29.3 Hz), -19.57 (d, J = 
29.3 Hz). 19F NMR (565 MHz, CHLOROFORM-d)ppm -62.65 (d, J = 2.04 Hz, 3 F, P-F), -62.82 (s, 3 
F). LRMS Calculated for C48H42F6O2P2H+: 827.26; Found 827.29. 
Ligand 51: Ligand 51 
was prepared sing the 
same procedure as that to 
prepare L44. The 2naphthyl diarylposphine unit was appended first. 1H NMR (600 MHz, 
CHLOROFORM-d)ppm 7.90 - 7.85 (m, 2 H), 7.82 (d, J = 8.3 Hz, 1 H), 7.79 (dd, J = 7.7, 2.8 Hz, 2 
H), 7.70 (dd, J = 8.7, 1.5 Hz, 1 H), 7.61 - 7.49 (m, 6 H), 7.46 - 7.42 (m, 1 H), 7.42 - 7.38 (m, 3 H), 7.36 
- 7.31 (m, 3 H), 7.29 - 7.25 (m, 2 H), 7.21 - 7.15 (m, 4 H), 7.11 - 7.06 (m, 3 H), 2.79 - 2.58 (m, 4 H), 
1.92 - 1.79 (m, 2 H), 1.64 (dt, J = 16.9, 6.0 Hz, 1 H), 1.59 - 1.5 (m, 3 H), 1.46 - 1.31 (m, 3 H), 1.18 - 
1.09 (m, 1 H), 1.01 – 0.91 (m, 1 H), 0.68 - 0.57 (m, 1 H). 13C NMR (151 MHz, CHLOROFORM-d) Due 
to the complexity of the spectrum because of C-P coupling, the spectrum is not summarized. Please 
see the included spectrum. Minor grease and solvent peaks are present in the alkyl region of the 
spectrum. 31P NMR (243 MHz, CHLOROFORM-d)ppm -14.91 (d, J = 29.1 Hz, 1 P), -16.32 (d, J = 
29.2 Hz, 1 P). LRMS Calcd: C52H44P2H+ = 731.30; Found 731.27. 
Ligand 52: Ligand 52 
was prepared sing the 
same procedure as that to 
prepare L44. The 3,5-
bisphenyl(phenyl) diarylposphine unit was appended first.124 A significant amount of an unknown 
impurity is present in the sample (NMR). Some of the reported 1H NMR may overlap with the impurity. 
1H NMR (400 MHz, CHLOROFORM-d)ppm = 7.81 (s, 1 H), 7.73 - 7.25 (m, 34 H), 7.24 - 7.15 (m, 3 
H), 7.15 - 7.07 (m, 2 H), 2.82 - 2.61 (m, 4 H), 2.02 - 1.45 (m, 8 H), 1.42 - 1.34 (m, 2 H), 1.13 - 0.93 (m, 
2 H) 31P NMR (202 MHz, CHLOROFORM-d)ppm -14.71 (d, J = 27.3 Hz, 1 P), -16.34 (d, J = 27.3 Hz, 
1 P) 
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Ligand 53: Ligand 53 
was prepared sing the 
same procedure as that to 
prepare L44. The 2-
naphthyl diarylposphine unit was appended first.124 1H NMR (400 MHz, CHLOROFORM-d)ppm 7.83 
- 7.90 (m, 2 H), 7.75 - 7.82 (m, 3 H), 7.70 (d, J = 8.5 Hz, 1 H), 7.49 - 7.62 (m, 6 H), 7.36 - 7.49 (m, 2 
H), 7.27 - 7.33 (m, 2 H), 7.21 (dd, J = 7.9, 3.4 Hz, 1 H), 7.13 - 7.19 (m, 2 H), 7.05 - 7.12 (m, 3 H), 6.87 
(d, J = 8.8 Hz, 2 H), 6.69 (dd, J = 8.8, 1.0 Hz, 2 H), 3.81 - 3.84 (m, 3 H), 3.68 (s, 3 H), 2.60 - 2.79 (m, 
4 H), 1.62 - 1.96 (m, 4 H), 1.53 - 1.61 (m, 3 H), 1.34 - 1.47 (m, 3 H), 1.03 - 1.22 (m, 2 H) 31P NMR (202 
MHz, CHLOROFORM-d)ppm -14.84 (d, J = 29.8 Hz, 1 P), -19.77 (d, J = 29.8 Hz, 1 P) 
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Appendix IV – Select NMR Spectra for Cycloadducts 
Compound 2: Proton, Carbon, COSY, NOESY, HMBC, HMQC 
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Compound 4: Proton, Carbon, COSY, NOESY 
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Compound 6: Proton, Carbon, COSY, NOESY, HMQC 
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Compound 10: Proton, Carbon 
 
 
  
104 
 
Compound 20: Proton, Carbon 
 
  
105 
 
Compound 21: Proton 
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Compound 23: Proton, COSY, and NOESY 
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Compound 25: Proton, Carbon, COSY, NOESY, HMQC  
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Compound 29: Proton, Carbon, COSY, NOESY 
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Compound 33: Proton, Carbon, COSY, NOESY, HMQC  
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Compound 34: Proton, Carbon, COSY, NOESY  
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Compound 36: Proton, Carbon, COSY, NOESY 
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Compound 38: Proton, Carbon, COSY, NOESY 
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Compound 40: Proton, Carbon, COSY, NOESY, HMBQ, HMQC 
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Compound 41: Proton, Carbon, COSY, NOESY, HMBC, HMQC 
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Compound 43: Proton, Carbon, COSY, NOESY, HMBC, HMQC 
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Compound 45: Proton, Carbon, NOESY, HMBQ, HMQC 
 
130 
 
  
131 
 
Compound 47: Proton, Carbon, COSY, NOESY 
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Compound 50: Proton, Carbon, NOESY 
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Compound 51: Proton and Carbon 
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Compound 52: Proton and Carbon 
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Compound 57: Proton and Carbon 
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Compound 59: Proton and Carbon  
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Compound 61: Proton and Carbon 
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Compound 63: Proton and Carbon 
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Compound 65: Proton and Carbon 
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Compound 68: Proton and Carbon 
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Compound 70: Proton, Carbon, and Fluorine 
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Compound 72: Proton and Carbon  
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Compound 74: Proton, Carbon, COSY, NOESY, HMBC 
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Compound 76: Proton, Carbon, COSY, NOESY, HSQC 
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Compound 78: Proton, Carbon, COSY, NOESY, and HSQC  
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Compound 82: Proton, Carbon, COSY, NOESY, HSBC, HSQC 
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Ligand 44: Proton, Carbon, Phosphorus  
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Ligand 48: Proton, Carbon, and Phosphorus  
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Ligand 51: Proton, Carbon, and Phosphorus 
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